



















































































































%! ! ! Prozent!
°C!! ! ! Grad!Celsius!!
µm! ! ! Mikrometer!
Abb.! ! ! Abbildung!
APP! ! ! Actinobacillus-pleuropneumoniae!
BGBl!I! ! ! Bundesgesetzblatt!Teil!I!
BEV! ! ! Bovines!Enterovirus!
bzw.! ! ! beziehungsweise!
ca.! ! ! circa!
CO2!! ! ! Kohlendioxid!
d! ! ! Tag(e)!
EAV! ! ! Equines!ArteritisAVirus!
E.-coli- - - Escherichia-coli-
EPA! ! ! Efficient!Particulate!Air!!
et!al.! ! ! und!andere!
GKZ! ! ! Gesamtkeimzahl!
g!! ! ! Gramm!!
H! ! ! Hämagglutinin!
h! ! ! Stunde(n)!
HEPA!! ! ! High!Efficient!Particulate!Air!
IMISE! ! ! Institut!für!Medizinische!Informatik,!Statistik!und!Epidemiologie!
KbE! ! ! Koloniebildende!Einheiten!
l!! ! ! Liter!
m! ! ! Meter!
M.! ! ! Mycoplasma!
m3! ! ! Kubikmeter!
MERV! ! ! Minimum!Efficiency!Rating!Value!
mg! ! ! Milligramm!
min! ! ! Minute(n)!
MKS! ! ! MaulA!und!Klauenseuche!
ml! ! ! Milliliter!
Abkürzungsverzeichnis!
!
MRSA! ! ! MethicillinAresistente!Staphylococcus-aureus-!
N! ! ! Neuraminidase!
NH3! ! ! Ammoniak!
o.g.! ! ! oben!genannte(n)!
PCR! ! ! PolymeraseAKettenreaktion!
PM! ! ! particulate!matter!
ppm! ! ! parts!per!million!
Prof.! ! ! Professor!
PRRSV! ! ! Porcines!reproduktives!und!respiratorischen!SyndromAVirus!
rel.! ! ! relative!
RNA! ! ! Ribonukleinsäure!
RTAPCR! ! Reverse!TranskriptaseAPolymeraseAKettenreaktion!
s! ! ! Sekunde(n)!!
S.-aureus- - Staphylococcus-aureus-
spp.! ! ! Spezies!
u.a.! ! ! unter!anderem!
UPA!! ! ! Ultra!Low!Penetration!Air!
USA! ! ! United!States!of!America!
z.B.! ! ! zum!Beispiel! 
*
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1* * Einleitung*
Für! die! Erhaltung! der! Tiergesundheit! ist! die! Vermeidung! des! Eintrages! von!
Krankheitserregern!in!Tierbestände!essentiell.!Zahlreiche!Maßnahmen!zur!Erreichung!dieses!
Ziels! sind! in! gesetzlichen! Regelwerken! verankert.! So! führt! die!
Schweinehaltungshygieneverordnung! (ANONYM! 2014)! diverse! Anforderungen! an! die!
Betriebsorganisation!und!bauliche!Voraussetzungen!auf,!die!unter!dem!Begriff!„Biosecurity“!
zusammengefasst!sind.!Jedoch!wird!die!Zuluft!als!mögliche!Eintragsquelle!im!Rahmen!dieser!
BiosecurityAMaßnahmen! bisher! kaum! beachtet.! Freisetzungsversuche! mit! dem! Porcinen!
reproduktiven!und!respiratorischen!SyndromAVirus! (PRRSV)! in!den!Vereinigten!Staaten!von!




von! multiresistenten! Keimen! entgegenzuwirken! sowie! den! Einsatz! von! Impfstoffen! zu!
minimieren.! Zudem! führt! die! Senkung! von! Tierverlusten! durch! aerogen! eingetragene!
Infektionskrankheiten!zu!einem!ökonomischen!Vorteil.!
Neben! dem! Eintrag! von! Pathogenen! über! die! Zuluft! stellen! Mikroorganismen,! die! an!
Staubpartikel!assoziiert!in!der!Stallluft!vorkommen!und!von!den!Tieren,!dem!Futter!oder!der!
Einstreu! stammen,! eine! weitere! Einflussgröße! dar.! In! Zeiten! reduzierter! Luftwechselraten!
könnten! diese! in! der! Stallluft! akkumulieren! und! durch! die! Schädigung! der! Atemwege!
prädisponierend! für! weitere! Infektionen! mit! Sekundärerregern! wirken.! Eine! gezielte!
Platzierung! von! Umluftfiltern! im! Stallabteil! könnte! den! Erregerdruck! senken! und! die!
Tiergesundheit!verbessern.!
Im! Rahmen! dieser! Dissertation! wurde! in! einem! ersten! Abschnitt! die! Abscheiderate!
verschiedener! Filtersysteme! im! Bezug! auf! Viren! und! Bakterien,! die! in! der!
Schweineproduktion!eine!Rolle! spielen,! im! Labormaßstab!evaluiert.!Darüber!hinaus!wurde!
die!Überlebensfähigkeit!der!Viren!und!Bakterien!im!Filtermaterial!über!die!Zeit!untersucht.!
In! einer! anschließenden! FallA/Kontrollstudie! wurden! drei! verschiedene! Filtersysteme! in!
einem! Mastbetrieb! mit! vier! identischen! Stalleinheiten! eingebaut! und! unter!
Praxisbedingungen! getestet.! Eine! Stalleinheit! wurde! nicht! mit! einem! Filtersystem!
ausgestattet!und!diente!als!Kontrolle.!Über!einen!Zeitraum!von!drei!Mastperioden!wurden!
die! Filtersysteme! hinsichtlich! ihres! Einflusses! auf! die! Stallluftqualität! (Staubbelastung,!
Luftkeimzahl! A! insbesondere! MethicillinAresistente! Staphylococcus- aureus,! coliforme!
Bakterien,! Escherichia- coli! sowie! Ammoniak! und! CO2),! die! Tiergesundheit! und! die!
Leistungsparameter! der! Tiere! evaluiert.! In! diesem! Zusammenhang! wurde! der!
Antikörperstatus! der! Tiere! hinsichtlich! einer! Infektion! mit! PRRSV,! Mycoplasma!
Einleitung!
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hyopneumoniae,!Actinobacillus! pleuropneumoniae! und! InfluenzaAAAViren! unmittelbar! nach!
der! Einstallung! und! vor! der! Schlachtung! bestimmt.! Zudem! fand! eine! klinische! Beurteilung!
der! Tiere! mit! dem! Schwerpunkt! auf! respiratorische! Erkrankungen! statt.! Im! Zuge! der!
Schlachtung! wurden! die! Schlachtkörper! hinsichtlich! der! Anzeichen! auf!
Atemwegserkrankungen! in! Zusammenarbeit! mit! dem! Schweinegesundheitsdienst! Sachsen!
beurteilt.! Zur! Evaluierung! des! Stallklimas! wurden! Luftkeimsammelproben! und!
Staubmessungen!herangezogen.!
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Das! Porcine! reproduktive! und! respiratorische! Syndrom! (PRRS)! trat! erstmalig! Anfang! der!
1990er! Jahre!als! seuchenhaftes!Geschehen! in!Nordamerika!und!Europa!auf! (GOYAL!1993).!
Das!infektiöse!Agens!PRRSV!ist!ein!behülltes!RNAAVirus!und!gehört!zur!Familie!Arteriviridae,!
Ordnung! Nidovirales.! Es! ist! verwandt! mit! dem! Virus! der! equinen! Arteritis! (HAAS! und!
KAADEN!2010,!CHO!und!DEE!2006).!Man!unterscheidet!bei!PRRSV!den!amerikanischen!und!
den! europäischen! Genotyp,! welche! durch! eine! hohe! genetische! Variabilität! geprägt! sind!
(CHO! und! DEE! 2006,! KAPUR! et! al.! 1996).! Aufgrund! fehlender!Meldevorschriften! wird! die!
Prävalenz!in!Deutschland!auf!50!bis!75!%!geschätzt!(LEHNERT!2016).!!
Das!Virus!zeigt!einen!Tropismus!für!Makrophagen,!lässt!sich!jedoch!auch!in!Epithelzellen!des!
Respirationstraktes! und! in! Pneumozyten! nachweisen! (THIEL! und! KÖNIG! 2015).! PRRSV! ist!
heutzutage! in! den! meisten! Ländern! endemisch! verbreitet! und! hat! aufgrund! der! hohen!
Verluste!einen!enormen!wirtschaftlichen!Einfluss!in!der!Schweineindustrie!(NEUMANN!et!al.!
2005).! Infolge! einer! Plazentaschädigung! kommt! es! zur! Ablösung! der! fetalen! von! der!
maternalen!Plazenta!und!daher!zu!lebensschwach!oder!tot!geborenen!Ferkeln.!Sollten!Ferkel!
überleben,! zeigen! diese! Paresen! der! Hinterhand,! Apathie,! Diarrhoe,! abdominal! verstärkte!
Atmung,! Wachstumsdepression! und! Kümmern! (HEINRITZI! 2006a).! Mit! steigendem! Alter!
sinkt!der!Schweregrad!der!Symptome!(THIEL!und!KÖNIG!2015).!Bei!den!Sauen!werden!neben!
Reproduktionsstörungen! milde! Symptome! wie! reduzierte! Futteraufnahme,! geringgradig!
erhöhte! Körpertemperatur! und! seltener! zyanotische! Verfärbungen! der! Ohren! festgestellt!
(HAAS! und! KAADEN! 2010).! Mastschweine! zeigen! mildere! Symptome! wie! Apathie,!
Abmagerung,! Konjunktivitis,! Dyspnoe,! Niesen! und! Husten! (GOYAL! 1993).! Als!
Hauptsymptome!werden!Konjunktivitis,!Husten,! interstitielle!Pneumonie!und!entsprechend!
der! Schwere! der! bakteriellen! Sekundärinfektion! eine! Bronchopneumonie! beschrieben!
(HEINRITZI!2006a).!




indirekte! Übertragungswege! z.B.! durch! Transportfahrzeuge! (DEE! et! al.! 2004),!
Injektionsnadeln!(OTAKE!et!al.!2002c),!Overalls!oder!Gummistiefel!(OTAKE!et!al.!2002b),!aber!
auch! über! Insekten! (OTAKE! et! al.! 2002d,! OTAKE! et! al.! 2003)! beschrieben.! Eine! weitere!
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(BENFIELD! et! al.! 1992).! Vor! allem! für! Gebiete! mit! hoher! Schweinedichte! besteht! ein!
erhöhtes! Risiko! (MORTENSEN! et! al.! 2002,! FLORI! et! al.! 1995).! Als! wichtige!
Prophylaxemaßnahme!wird!die!Impfung!mit!einem!attenuierten!Lebendimpfstoff!oder!einer!
inaktivierten!Vakzine! angesehen,!wobei! lediglich!die! Symptome!der! Erkrankung! gemildert,!
aber!nicht!vollständig!verhindert!werden!können!(THIEL!und!KÖNIG!2015).!
2.1.1.2 Influenza.A.Virus*
Das! behüllte! Virus! gehört! zur! Familie! der! Orthomyxoviridae! und! kommt! sowohl! bei!





sich! eine! Infektion! als! fieberhaftes! Geschehen! mit! verstärkt! ausgeprägter! abdominaler!
Atmung! (GROSSE! BEILAGE! et! al.! 2013).! Aufgrund! der! reduzierten! Futteraufnahme! sinkt! in!








Fälle! erfolgt! jedoch! eine! direkte! oder! indirekte! Übertragung! von! Schwein! zu! Schwein!
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Klauenspalt.! Die! Rüsselscheibe! ist! nur! selten! betroffen.! Aufgrund! der! starken! Schmerzen!
zeigen! die! Tiere! Bewegungsunlust! und! eine! reduzierte! Futteraufnahme.! Das! Virus! kann!




Studien! zeigte! das! Virus! in! Aerosolwolken! bei! einer! rel.! Luftfeuchte! von! 60!%! die! längste!
Überlebensrate.!Der!Einfluss!von!Sonnenlicht!scheint!keine!Wirkung!zu!haben!(DONALDSON!
und! FERRIS! 1975).! Während! der! Epidemie! 2001! in! Großbritannien! konnte! eine! aerogene!
Verbreitung! nachgewiesen! werden,! welche! eine! Distanz! von! einem! bis! neun! Kilometer!
umfasste! (GLOSTER! et! al.! 2003).! GLOSTER! et! al.! (1982)! nannten! eine! hohe!
Viruskonzentration,! eine! lange! Überlebenszeit! des! Virus! und! eine! große! Anzahl! an!
empfänglichen! Tieren! als! Voraussetzung! für! eine! aerogene! Übertragung! über! große!
Distanzen.!Es!wurde!gezeigt,!dass!Schweine!im!Vergleich!zu!anderen!Tiere!die!größte!Menge!
an! virushaltigen! Aerosol! ausscheiden! (DONALDSON! und! ALEXANDERSEN! 2002).! Die! bisher!





Mycoplasma! (M.)! hyopneumoniae! ist! der! Erreger! der! Enzootischen! Pneumonie! und!
verursacht!eine!Bronchopneumonie.!Das!Bakterium!stellt!ein!ökonomisches!Problem!in!der!
Schweineindustrie! dar! und! führt! zu! Wachstumseinbußen! bei! jedoch! geringer! Mortalität!
(HEINRITZI! 2006b).! Bedeutend! sind! Mykoplasmen! darüber! hinaus! als! Wegbereiter! für!
Sekundärinfektionen!mit!weiteren!bakteriellen!und!viralen!Erregern.!Durch!die!Kolonisierung!
der! bronchopulmonalen! Oberflächen! führt! M.! hyopneumoniae! zu! einer! Schädigung! der!
Zilien! (SELBITZ! 2011).! Im! Allgemeinen! treten! Infektionen! gehäuft! zum! Zeitpunkt! der!
Umstallung! von! Läufern! in!die!Mastgruppen!auf.! Zwei! bis! vier!Wochen!nach!der! Infektion!
zeigt! sich! charakteristisch! ein! trockener! Husten.! Monoinfektionen! verlaufen! meist!
subklinisch,! sodass! die! anderweitige! klinische! Ausprägung! sich! primär! nach! der! Art! der!
Sekundärinfektion! richtet! (SELBITZ! 2011).! In! Mastbetrieben! kann! die! Mortalität! 10! %!
Literatur!
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erreichen! (ZIMMERMANN! und! PLONAIT! 2004).! Wirtschaftliche! Einbußen! äußern! sich! in!
verminderten! Tageszunahmen,! einer! verlängerten! Mastdauer! und! einer! mangelhaften!
Schlachtkörperqualität! gekennzeichnet! durch! hohe! Lungenverwürfe! (SELBITZ! 2011).! In!
Sauenherden! in! Deutschland! wurde! eine! durchschnittliche! Seroprävalenz! von! 64,8! %!
nachgewiesen!(GROSSE!BEILAGE!et!al.!2009).!
In! trockener! Umgebung! wird! die! Überlebenszeit! des! Bakteriums! drastisch! reduziert,!
dennoch!kann!M.!hyopneumoniae!24!bis!76!h!auf!Kleidung!überleben!(GOODWIN!1985).!Der!
aerogene!Transport! ist! in!Zeiten!hoher!Luftfeuchte!und!bei!niedrigen!Temperaturen!von!2!
bis! 7°C! begünstigt! (GOODWIN! 1985).! Die! aerogene! Ausbreitung! durch! Ausscheidungen!
infizierter! Tiere! stellt! neben! dem! direkten! Kontakt! den! Hauptübertragungsweg! dar!
(DESROSIER!2001).!Einer!der!wichtigsten!Risikofaktoren!für!die!Erregereinschleppung!ist!die!
Nähe! zu! einem! positiven! Schweinebestand.! Die! höchste! ÜbertragungsAWahrscheinlichkeit!
besteht! für! einen! Radius! von! 3,2! km! (GOODWIN! 1985).! DEE! et! al.! (2009a)! konnten!M.-
hyopneumoniae! in! Luftproben,! die! 4,7! km! entfernt! vom! Ursprungsbetrieb! gesammelt!
wurden,!nachweisen.!Die!weiteste!aerogene!Verbreitung!von!9,2!km!berichteten!OTAKE!et!
al.! (2010).! Als! vorbeugende!Maßnahme!besteht! die!Möglichkeit,! Ferkel! und! Jungschweine!
mittels!einer!inaktivierten!Vakzine!zu!immunisieren!(SELBITZ!2011).!
2.1.2.2$$ Actinobacillus$pleuropneumoniae$
Actinobacillus- pleuropneumoniae! (APP)! ist! ein! weit! verbreiteter! Erreger! in! der!
Schweinehaltung! und! kann! zu! enormen! wirtschaftlichen! Verlusten! aufgrund! erhöhter!
Mortalitätsrate,! Behandlungskosten! und! reduzierter! Masttagzunahmen! führen.! Deutsche!
Mastbestände! aus! Regionen! hoher! Schweinedichte! sind! zu! ca.! 90! %! serologisch! positiv!
(GROSSE!BEILAGE!et! al.! 2013).!Von! insgesamt!15!Serotypen! sind! in!Deutschland!vor! allem!
Serotyp! 2! und! 9! verbreitet! (GROSSE! BEILAGE! et! al.! 2013).! Gekennzeichnet! ist! das!
Krankheitsbild! nach! einer!APPAInfektion! durch! eine! adhäsive! Pleuritis!mit!Nekrosen! in! der!
Lunge! (HEINRITZI! 2006b).! Am! häufigsten! erkranken! Tiere! im! Alter! von! 6! bis! 20!Wochen,!
wohingegen! Saugferkel! nur! selten! betroffen! sind.! Abhängig! von! der! Virulenz! und! dem!
Immunstatus! zeigen! sich! bei! empfänglichen! Schweinen! fieberhafte! respiratorische!
Symptome!(EWERS!und!WIELER!2011)!bereits!24!h!nach!der!Infektion!(JOBERT!et!al.!2000).!
Den! Hauptübertragungsweg! stellt! der! direkte! Kontakt! dar! (TOBIAS! et! al.! 2014).! Der!
Erregereintrag! in! einen! anderen!Bestand! erfolgt! vorwiegend!durch! Zukauf! infizierter! Tiere!
(ZIMMERMANN! und! PLONAIT! 2004).! Dennoch! zeigten! experimentelle! Studien,! dass! APP!
über!kurze!Strecken!aerogen!übertragen!werden!kann!(JOBERT!et!al.!2000,!TORREMORELL!et!
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bisher!nicht!nachgewiesen,!auch!wenn!in!epidemiologischen!Studien!mit!ehemals!APPAfreien!








2009).! Seit! den! 1990er! Jahren! ist! in! Deutschland! ein! erheblicher! Anstieg! von!MethicillinA
(Oxacillin)Aresistenten!S.-aureusAStämmen!(MRSA)!beobachtet!worden.!MethicillinAResistenz!
bedeutet! klinische! Unwirksamkeit! aller! βALaktamAAntibiotika,! auch! wenn! in- vitro! eine!
Aktivität!nachgewiesen!wird!(SIMON!und!STILLE!2001).!!
S.- aureus! ist! sehr! widerstandfähig! und! kann! über! Monate! in! der! trockenen! Umwelt!
überleben.! Folglich! kann! es! einfach! über! die! Luft! verteilt! oder! von! Vektoren! transportiert!
werden! (CHAIBENJAWONG! und! FOSTER! 2011).! Staphylokokken! nehmen! gemeinsam! mit!
Streptokokken! 80! %! der! Gesamtkeimzahl! innerhalb! der! Stallluft! ein! (SEEDORF! 2000).! Die!
Inhalation! der! erregerhaltigen! Luft! in! einem! Schweinebestand! kann! zur! Übertragung! von!
MRSA!vom!Schwein!auf!den!Menschen!führen!(CHAPIN!et!al.!2005).!Ein!erhöhtes!Risiko!der!
Infektion!besteht!für!Tierärzte!und!Stallpersonal,!welche!über!eine!längere!Zeit!mit!potentiell!
infizierten! Tieren! in! Kontakt! stehen! (VOSS! et! al.! 2005).! Eine! Studie! in! den! Niederlanden!
demonstrierte,!dass!39!%!der!Mastschweine!MRSAApositiv!waren!(DE!NEELING!et!al.!2007).!
Die! Prävalenz! der! MRSAAKolonisierung! von! Landwirten! in! Schweinebetrieben! beträgt! ca.!
20!%.! Bei! der! Beprobung! von! Schweinen!und!deren! Landwirten!wurden! identische!MRSAA
Stämme! festgestellt,! was! die! Brisanz! der! Thematik! unterstreicht! (HUIJSDENS! et! al.! 2006,!
KHANNA! et! al.! 2008).! Einen!wesentlichen! Expositionspfad! stellt! hierbei! der!Weg! über! die!
gemeinsame!Atemluft!dar.!Bei!der!Entnahme!von!Luftkeimsammelproben!konnten!MRSA!in!
hohen! Konzentrationen! in! der! Stallluft! nachgewiesen! werden! (HARPER! et! al.! 2010).! Der!
Erreger! kann! an! Staub! gebunden! in! der! Luft! zirkulieren! und! so! in! die! tieferen! Atemwege!
gelangen!(FRIESE!et!al.!2012,!KHANNA!et!al.!2008).!
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Kohlendioxid! (CO2)! ist!ein! farbloses,! schwach!säuerlich! riechendes!Gas! (ZUCKER!2017).!Die!
Hauptquelle! stellt! die! Ausatemluft! der! Tiere! dar,! gefolgt! von! Fäulnisprozessen! (PLONAIT!
2004).!Es!ist!kein!Schadgas!im!eigentlichen!Sinn,!sondern!wird!als!Indikator!zur!Evaluierung!
der!Stallluftqualität!und!des!Lüftungsmanagements!herangezogen.!Der!CO2AWert!steigt!mit!
sinkender! Lüftungsintensität! und! kann! zu! einer! erhöhten! Atemfrequenz! der! eingestallten!
Tiere! führen! (HOY! et! al.! 2006a).! Entsprechend! der! TierschutzANutztierhaltungsverordnung!
(ANONYM! 2006)! sollte! der! Wert! von! 3000! ppm! nicht! dauerhaft! überschritten! werden.!
Schadwirkungen! treten! erst! bei! überaus! hohen! Konzentrationen! auf! (ZUCKER! 2017).!
Konzentrationen!um!30.000!ppm! führen! zu!einer!gesteigerten!Atemfrequenz!und! zu!einer!




Ammoniak! (NH3)! ist! eines! der! bedeutendsten! Schadgase! in! der! Schweinehaltung,! dessen!
Hauptquelle! Harnstoff! aus! der! im! Stall! befindlichen! Gülle! ist.! Das! farblose,! stechend!
riechende!Gas! entsteht!während! des!mikrobiellen! Abbaus! eiweißhaltiger! Verbindungen! in!
der!Gülle,!der!Jauche!oder!im!Einstreu!(ZUCKER!2017).!Für!den!Menschen!wahrnehmbar!ist!
es! ab! einer! Konzentration! von! 0,02! bis! 0,05! ppm! (BAUMGARTNER! et! al.! 2005).! Es! wirkt!
primär! auf! die! feuchten! Schleimhäute! des! Respirationstraktes! und! kann! aufgrund! der!
Zerstörung! des! Epithels! fördernd! für! weitere! Infektionskrankheiten! agieren! (HOY! et! al.!
2006a).!Folgen!sind!eine!herabgesetzte!Lungenclearance,!verdickte!Alveolenwände!und!die!
Bildung!einer!Lipoidschutzschicht,!welche!den!Gasaustausch!behindert!(ZUCKER!2017).!Hohe!
Temperaturen! wirken! sich! begünstigend! auf! die! Bildung! von! NH3! aus! (HARTUNG! und!




Gas! ein! starkes! Zellgift! dar,! welches! aufgrund! von! Zilienlähmung! Sekundärinfektionen!
begünstigt.!Folgen!sind!auch!eine!reduzierte!Futteraufnahme,!geringere!Masttagzunahmen!
und! Kannibalismus! (BAUMGARTNER! et! al.! 2005,! ZUCKER! 2017).! Des! Weiteren! wird!
Ammoniak! als! wichtiger! Faktor! bei! der! Entstehung! der! Rhinitis- atrophicans! angesehen!
(HARTUNG!und!SPINDLER!2013).!
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2.2.1.3** Temperatur,*relative*Luftfeuchte*und*Luftgeschwindigkeit*
Ideal! für!die!Tiergesundheit! ist!eine!Stallinnentemperatur! im!Bereich!der! thermoneutralen!
Zone,! wobei! zum! Erhalt! der! Körperinnentemperatur! weder! Energie! in! Form! von! Wärme!
abgegeben,! noch! aufgewendet! werden! muss! (HARTUNG! und! SPINDLER! 2013).! Dieser!
Optimalbereich! variiert! abhängig! von! der! Altersgruppe.! Besonders! empfindlich! gegenüber!
Unterschreitungen! sind! Ferkel.! Ihr! Optimalbereich! liegt! zwischen! 20! und! 32°C.!
Mastschweine! ab! 20! kg! sind! besonders! anfällig! gegenüber! Hitzestress! und! erreichen! ihr!
Leistungsoptimum! bei! Temperaturen! von! 14! bis! 22°C! (PLONAIT! 2004).! Generell! haben!
Schweine! nur! geringe! Möglichkeiten! ihren! Körper! durch! Schwitzen! abzukühlen! (INGRAM!
1965).! Daher! ist! es! wichtig,! eine! adäquate! Stallinnentemperatur! zu! schaffen,! um! einer!
möglichen!reduzierten!Futteraufnahme!aufgrund!von!Hitzestress!entgegenzuwirken!(COLLIN!
et!al.!2001).!Darüber!hinaus!wird!durch!eine!erhöhte!Atemfrequenz!zur!Kühlung!des!Körpers!
zusätzlich! Energie! verbraucht! (PLONAIT! 2004).! Zu! niedrige! Temperaturen! können! zu! einer!
Immunsuppression! führen! und! Erkrankungen! (z.B.! der! Atemwege)! begünstigen! (REINER!
2015).!Eine!Umgebungstemperatur!von!18!bis!21°C!wirkt!sich!im!Allgemeinen!positiv!auf!die!
WachstumsA!und!Mastleistung!von!Schweinen!aus!(HUYNH!et!al.!2005).!
Hohe! Temperaturen! in! Kombination! mit! hohen! Luftfeuchtewerten! können! zu! einer!
reduzierten!Masttagzunahme!führen!(HUYNH!et!al.!2005).!Mit!steigender!Temperatur!steigt!
auch! die! Fähigkeit! der! Luft,! Wasserdampf! bis! zu! einem! gewissen! Sättigungspunkt!
aufzunehmen! (HARTUNG! und! SPINDLER! 2013).! Für! Ställe! ohne! Heizung! wird! eine! rel.!
Luftfeuchte! von! 60! bis! 80!%! empfohlen! und! unter! Verwendung! von! Heizsystemen! 40! bis!
70!%! (ANONYM! 2004).! Eine! niedrigere! Luftfeuchte! fördert! das! Staubaufkommen! und! die!
Reizung! der! Atemwege! durch! Austrocknung! der! Schleimhäute! (HARTUNG! und! SPINDLER!
2013).!
Die!Lüftungsrate! ist! in!den!meisten!Fällen!an!die!AußenA!bzw.! Innentemperatur!des!Stalles!
gebunden.!Gerade! im!Winter! führen!niedrige!Lüftungsraten!zu!einer!Verschlechterung!der!
Stallluftqualität! (REINER! 2015).! In! den! Sommermonaten! kann! man! über! eine! erhöhte!
Lüftungsrate! die! Wärmeabgabe! der! Schweine! fördern.! Bei! adulten! Tieren! sollte! eine!
Luftgeschwindigkeit! von! 0,2! m/s! während! der! kalten! Jahreszeiten! nicht! überschritten!




Heutzutage! ist! die! konventionelle! Schweinehaltung! von! strikter! Isolierung! unter!




Gegebenheiten! wurde! das! Stallklima! trockener,! welches! sich! begünstigend! auf! eine! hohe!
Staubkonzentration! in!der!Luft!auswirkt.!Dies!kann!zu!schwerwiegenden!Erkrankungen!von!
Mensch! und! Tier! führen! (PEDERSEN! et! al.! 2000,! SEEDORF! et! al.! 1998).! Die! Quellen! und!
Komponenten!des!Staubes!sind!vielfältig,!z.!B.!Futter,!getrocknete!Ausscheidungen,!Einstreu,!
Hautpartikel,! Pollen! und! Pilzsporen! (PEDERSEN! et! al.! 2000,! HOY! et! al.! 2006b).! Für! die!
Klassifizierung! von! Staub! gibt! es! verschiedene! Möglichkeiten,! zum! einen! hinsichtlich! des!
Ursprungs,! ob! es! sich! um! organischen! oder! anorganischen! Staub! handelt,! zum! anderen!
entsprechend!der!Wirkung!auf!den!Organismus!(wie!z.B.!allergen,!toxisch!oder!kanzerogen)!
und!die!Unterteilung!hinsichtlich!der!Staubpartikelgröße.!Bezogen!auf!den!Durchmesser!der!
einzelnen! Partikel! unterscheidet! man! Grobstaub! (500A50! µm),! Mittelstaub! (50A10! µm),!
Feinstaub! (10A0,5! µm)! und! Feinststaub! (0,5A0,1! µm).! Die! Partikelgröße! hat! den! größten!
Einfluss! auf! die! Verteilung! innerhalb! der! Stallluft! sowie! das! Eindringen! in! den!
Respirationstrakt! von! Mensch! und! Tier! (HOY! et! al.! 2006b).! Auch! die! in! der! Technik!
verwendete! Klassifizierung! der! Feinstaubfraktionen! lehnt! sich! an! entsprechenden!
Größenangaben!hinsichtlich!der!Abscheidungsfähigkeit! im!Respirationstrakt! an.!Die! größte!
Einheit! stellt!PM10!dar,!welche!Partikel!mit!einem!aerodynamischen!Durchmesser!<!10!µm!
definiert.! Diese! Teilchen! können! sich! in! den! oberen! Atemwegen,! d.h.! in! der! Nase,! dem!
Rachen! und! der! Trachea,! ablagern! und! werden! als! einatembarer! Staub! beschrieben.!
Lungengängiger! Feinstaub! PM2,5! (Partikel! mit! einem! <! 2,5! µm)! kann! Bronchien! und!
Bronchiolen!passieren.!Bis! in!die!Alveolen! gelangt! Feinstaub!der!Größe!PM1! (<! 1!µm).!Die!
Angabe!PM!steht!für!die!englische!Bezeichnung!„particulate!matter“.!Partikel,!welche!kleiner!
als!0,1!µm!sind,!werden!als!ultrafeine!Partikel!oder!auch!Nanopartikel!bezeichnet.!Aufgrund!
ihrer! Fähigkeit! der! Passage! der! Zellwand! stellen! sie! ein! besonders! hohes! Risiko! dar! und!
können! über! die! Alveolen! in! die! Blutbahn! gelangen! und! HerzAKreislaufAErkrankungen!
auslösen! (CAESAR! 2013).! In! der! Schweinehaltung! können! 70! bis! 80! %! der!
Schwebstaubpartikel!lungengängig!sein!(HOY!et!al.!2006b).!!
Einen! erheblichen! Einfluss! auf! die! Staubkonzentration! hat! neben! der! rel.! Luftfeuchte,! der!
Tieraktivität!und!der! Lüftungsintensität!auch!die!Art!der!Fütterung! (PEDERSEN!et!al.! 2000,!
SEEDORF! 2000).! Am! Tag! werden! aufgrund! der! gesteigerten! Aktivität! der! Tiere! höhere!
Staubwerte! erfasst! als! in! der! Nacht! (TAKAI! et! al.! 1998).! Darüber! hinaus! ist! die!
Staubkonzentration! im! Winter! bei! geringer! Lüftungsrate! höher! im! Vergleich! zu! den!
Sommermonaten!(TAN!und!ZHANG!2004).!Die!Staubkonzentration!in!der!Luft!wird!auch!von!
der! Sedimentation! des! Staubes! auf! Oberflächen! beeinflusst,! welche! in! der! Regel! nur!
vorübergehend!besteht,!da!die!Partikel!wieder!in!die!Luft!überführt!werden!können!(ZUCKER!
2017).!Mit!steigender!Luftfeuchte!sedimentiert!vermehrt!die!Teilchenfraktion!um!PM10!und!





Mikroorganismen! sind! als! sogenannte! Cluster! mit! Staub! assoziiert! (SEEDORF! 2000).! Ihre!
Überlebensfähigkeit!wird!durch!die!Bindung!an!feuchten!Staub!verlängert,!der!aufgrund!des!
Wassers! und! der! verfügbaren! Nährstoffe! Schutz! bietet! (ZUCKER! 2017).! Landwirte! in! der!
Schweinehaltung! gehören! zu! den! Risikogruppen! bezüglich! der! Erkrankung! an! einer!
berufsassoziierten! chronischen! Bronchitis! (IVERSEN! et! al.! 1988,! ZEJDA! et! al.! 1993).! Der!
allgemeine! Arbeitsplatzgrenzwert! entsprechend! der! technischen! Regelungen! für! Gefahren!
entspricht!3!mg/m3!für!die!alveolengängige!Staubfraktion!und!10!mg/m3!für!die!einatembare!
Fraktion! (ANONYM! 2006).! Zudem! wurde! die! Empfehlung! einer! maximalen!
Gesamtstaubmenge! von! 3,7!mg/m3! und! einer! Konzentration! an! einatembarem! Staub! von!
max.!0,23!mg/m3!zum!Erhalt!der!Schweinegesundheit!publiziert!(DONHAM!1991).!!
2.2.2.2** Mikroorganismen*
In! der! Schweinehaltung! ist! der! Keimgehalt! in! der! Luft! im! Vergleich! zur! Rinderhaltung!
wesentlich!höher.!Nur!in!der!Geflügelhaltung!können!die!Werte!noch!überschritten!werden!
(BAKUTIS! et! al.! 2004).! 80! %! der! sich! in! der! Luft! befindenden! Keime! sind! als! sogenannte!
Cluster! an! Staub! gebunden! (ZUCKER! 2017,! SEEDORF! 2000).! Im! Durchschnitt! werden! in!
Schweinehaltungen!Gesamtkeimzahlen!von!106!bis!107!KbE/m3!Luft!erreicht!(GÄRTNER!et!al.!
2014).! Die! Hauptfraktion! der! luftgetragenen! Bakterien! bilden! die! Staphylokokken! und!
Streptokokken!mit!einem!Anteil!von!ca.!80!%!(ZUCKER!2017,!SEEDORF!2000).!Diese!sind!mit!
Werten! zwischen! 104! und! 106! KbE/m3! in! der! Stallluft! vertreten! (GÄRTNER! et! al.! 2014).!
Überwiegend!stammen!diese!Bakterien!von!der!Hautoberfläche!der!Tiere!oder!dem!Kot.!
Schimmelpilze!bilden!ca.!2!%!der!aerogenen!Keimfraktion! (SEEDORF!2000).! In!der!Luft!von!
Schweineställen!wurden! Schimmelpilze!mit! ca.! 103! KbE/m3!nachgewiesen! (GÄRTNER!et! al.!
2014).!Einige!Vertreter!wie!Aspergillus!spp.!und!Penicillium!spp.!können!Mykotoxine!bilden,!
welche!eine!kanzerogene!Wirkung!entfalten!können!(SEEDORF!et!al.!1998).!GramAnegative!




In! der! industriellen! Gebäudetechnik! ist! die! Verwendung! von! Zuluftfiltern! eine! gängige!
Methode! um! den! ErregerA! und! Feinstaubeintrag! zu!minimieren.! Die! Leistung! eines! Filters!
wird! in!der!Fähigkeit!des!Abscheidens!von!Partikeln! im!Material!beurteilt!und! in!Form!des!
Abscheidegrades! angegeben.! Er! wird! definiert! als! das! Verhältnis! der! Partikelanzahl! einer!
bestimmten! Partikelgröße,! die! im! Filter! abgeschieden! wurde,! bezogen! auf! die! gesamte!
Anzahl! an! Partikeln! vor! Filtereintritt! (CAESAR! 2013).! Der! Effekt! der! Filtration! ist! bedingt!




Filtermediums! und! letztlich! der! dortigen! Abscheidung! (FÖRSTER! und! CAESAR! 2012).!
Während! des! Durchströmens! des! Filtermaterials! entstehen! Reibungsverluste,! die! diesen!
Prozess! begünstigen! (NIETZOLD! 1979).! Der! Mechanismus! der! Abscheidung! beruht! im!
Allgemeinen! auf! fünf! verschiedenen! Effekten,! welche! im! Folgenden! näher! beschrieben!
werden.!
Die! konvektive! Diffusion! definiert! die! gaskinetischen! Vorgänge,! die! besonders! kleine!
Teilchen! beeinflussen! (NIETZOLD! 1979).! Im! Wesentlichen! hat! die! Brownsche!
Molekularbewegung! einen! Einfluss! auf! das! Bewegungsverhalten.! Die! entsprechenden!
Teilchen! folgen! keinem! geradlinigen! Bewegungsverlauf,! sondern! bewegen! sich! auf!
unregelmäßigen! statistischen! Bahnen,! die! zum! Kontakt!mit! den! Fasern! des! Filtermaterials!
kommen! können! (LÖFFLER! 1988).! Die! Bedeutung! der! Diffusion! steigt! mit! sinkender!
Partikelgröße! und! Luftgeschwindigkeit.! Nanopartikel! werden! nahezu! völlig! durch! den!
Prozess! der! Diffusion! abgeschieden! (CAESAR! 2013).! Der! Sperreffekt! beschreibt! die!
Abscheidung! an! den! Fasern! des! Filters! alleinig! durch! die! geometrische! Ausdehnung! des!
Partikels.!Faktoren!wie!Trägheit!und!äußere!Kräfte!werden!diesbezüglich!nicht!berücksichtigt!
(FÖRSTER! und! CAESAR! 2012).! Mit! zunehmender! Partikelgröße! erhöht! sich! die!
Wahrscheinlichkeit! auf! eine! Faser! im! Filtermedium! zu! stoßen! und! ist! dominierend! für!
Partikel! zwischen! 0,5! und! 1! µm! (CAESAR! 2013).! Im! Wesentlichen! wird! diese! Form! der!
Abscheidung!durch!PartikelA!und!Fasergröße,!aber!auch!durch!die!Dichte!des!Filtermaterials!
beeinflusst! (FÖRSTER! und! CAESAR! 2012).! Je! größer! die! Partikel! und! deren! Dichte,! umso!





Fasern! des! Filtermediums! und! den! abzuscheidenden! Teilchen! besteht.! Diese!
Anziehungskraft!besteht,!wenn!beide!Komponenten!eine!entgegengesetzte!Ladung!besitzen.!




Hinsichtlich! der! Verfahrensweisen! des! Abscheidesystems! wird! in! OberflächenA! und!
Tiefenfiltration! (Abbildung! 1)! unterschieden.! Bei! der! Oberflächenfiltration! können! die!






werden! als! Abreinigungsfilter! bezeichnet,! da! sie! z.B.! durch! Rütteln! oder! Vibrieren!
mechanisch!regeneriert!werden!können!(FÖRSTER!und!CAESAR!2012).!
In! der! Tiefenfiltration! besitzen! die! Filtermedien! eine! größere!mittlere! Porengröße! als! die!
abzuscheidende!Partikelgröße.!Folglich!können!diese! tiefer! in!das!Filtermedium!eindringen!
und!unter!bestimmten!Bedingungen!sogar!den!Filter!passieren.!Die!Wahrscheinlichkeit!des!
Passierens! ist! jedoch! äußert! gering,! da! die! Partikel! hierfür! vollständig! den! Luftstromlinien!
folgen! müssten! und! nicht! an! einer! Faser! auf! ihrem! Weg! durch! das! Filtermedium!
abgeschieden! werden! dürften.! Filter! dieser! Ordnung! werden! auch! als! Speicherfilter!
bezeichnet,! sind! nicht! regenerationsfähig! und! müssen! nach! bestimmten! Intervallen!





In! der! Partikelfiltration! unterschiedet! man! auf! der! einen! Seite! zwischen! Staubfiltern! zur!
Abscheidung! von! GrobA! und! Feinstaub! und! auf! der! anderen! Seite! zwischen!
Schwebstofffiltern,!welche!vor!allem!in!Reinräumen!der!Pharmazie!und!Mikroelektronik!ihre!
Anwendung! finden! und! feinste! Stäube! und! Aerosole! filtern.! Letztere! werden! wiederum!
unterteilt! in! StandardASchwebstofffilter,! zu! denen! Efficient! Particulate! Air! (EPA)! Filter! und!





In! Europa! erfolgt! die! Prüfung! und! Klassifizierung! von! GrobA! und! Feinstaubfiltern!
entsprechend!der!Norm!DIN!EN!779!„PartikelALuftfilter!für!die!allgemeine!Raumlufttechnik“!
(ANONYM! 2003)! und! für! Schwebstoffstofffilter! nach! der! Norm! DIN! EN! 1822! (ANONYM!






Klassen! unterteilt,! welche! in! der! Norm! ASHRAE! 52.2! festgelegt! sind.! Umso! höher! die!
Klassifizierung,! desto! effizienter! ist! der! Filter! in! der! Lage,! Partikel! in! seinem! Material!
abzuscheiden! (DEE! 2008).! Der! Vergleich! der! einzelnen! Filterklassen! ist! aufgrund! der!




Gesamtsystems.! Die! wichtigsten! Strukturelemente! stellen! hierbei! der! Faserdurchmesser!
bzw.! die! Faserlänge,! die! Faserorientierung! und! die! etwaige! Krümmung! der! verarbeiteten!
Fasern!dar!(Caesar!2013).!
Die!einfachste!Konstruktion!bilden!flache!Filtermatten!(Abbildung!3!a).!Sie!werden!meist!als!
Deckenfilter! in! Form! von! Zuschnitten! verbaut! (CAESAR! 2013).! Sogenannte! Faltenfilter!
bestehen! meist! aus! einem! Vliesstoff,! der! in! Falten! gelegt! in! einen! Rahmen! eingespannt!
wurde.!Diese!beiden!Filtermodelle!werden!den!Grobstaubfiltern!zugeordnet! (FÖRSTER!und!





Konstruktion! erhöht! sich! die! Filterfläche! maßgeblich.! Daher! kann! dieses! Modell! für! die!
Feinstaubfiltration! bis! zur! Klasse! F9! eingesetzt! werden! (FÖRSTER! und! CAESAR! 2012).!
Kassettenfilter! (Abbildung! 3! c)! bestehen! meist! aus! mehreren! Faltenpaneelen,! welche! in!
einen! festen!Rahmen!VAförmig! eingefasst! sind.! Ziel! dieser! plissierten!Aufbauweise! ist! eine!
möglichst!große!Gesamtfilterfläche!zur!Maximierung!der!Filtereffektivität!(CAESAR!2013).!In!
aller! Regel! kommen! diesbezüglich! papierartige! Materialien! zum! Einsatz.! Diese! können! je!







Der! Einsatz! von! Luftfiltern! in! Form! der! Abluftfiltration! zur!Minimierung! der! Emission! aus!
Schweinebetrieben! ist! in!Europa!eine!anerkannte!und!weit!verbreitete!Methode!(BAHADIR!
et! al.! 2000).! Im! Unterschied! hierzu! ist! die! Verwendung! von! Luftfiltern! als!
Präventionsmaßnahme! zur! Reduzierung! des! Erregereintrages! in! Form! der! Zuluftfiltration!
bisher!kein!StandardAVerfahren!in!Europa.!In!Ländern!wie!den!USA!und!Kanada!findet!diese!
Maßnahme!seit!Längerem!Anwendung!(DEE!et!al.!2005,!SPRONK!et!al.!2010).!Der!Anstoß!zur!





großen!wirtschaftlichen! Schäden! führte.!Nach! epidemiologischen!Untersuchungen! galt! die!
aerogene!Übertragung!als!bisher!nicht!beachtete!Lücke!(MORTENSEN!et!al.!2002).!
In!den!USA!konnten!Langzeitstudien!den!Einsatz!von!Zuluftfiltration!in!der!Schweinehaltung!
als!maßgeblichen! Schutz! vor! einem!potentiellen! Erregereintrag!durch! luftgetragene!Keime!
beweisen.! Im! Speziellen! kam! ein! Vergleich! verschiedener! Filtersysteme! zu! dem! Ergebnis,!
dass!HEPAAFilter! in!der!Nutztierhaltung!den!Goldstandard!darstellen!(DEE!et!al.!2006a,!DEE!
et! al.! 2006b).! Zahlreiche! Untersuchungen! demonstrierten! die! effektive! Reduktion! des!
Eintrages! von! Pathogenen! in! Schweinebestände! im! Speziellen! von! PPRSV! und! M.-
hyopneumoniae-über!die!Zuluft!unter!Verwendung!entsprechender!Filtermodelle! (BATISTA!
et!al.!2009,!DWW!et!al.!2006a,!DEE!et!al.!2006b,!DEE!et!al.!2010,!PITKIN!et!al.!2009,!SRONK!et!
al.! 2010).! Jedoch! stellen! HEPAAFilter! aufgrund! der! hohen! Kosten! und! ihrer! schlechten!
Eignung! für! die! weit! verbreiteten! Unterdrucklüftungssysteme! in! den! Betrieben! keine!
geeignete! Alternative! dar! (DEE! et! al.! 2009b).! Folglich! wurden! in! einer! Reihe! von!
Laboruntersuchungen! kostengünstige! Filtermodelle! für! den! Einsatz! in!
Schweinhaltungsbetrieben!getestet!(DEE!et!al.!2006a,!DEE!et!al.!2006b,!DEE!et!al.!2009c).!Ein!






Die!Mehrzahl! der! Partikel! und!Mikroorganismen! innerhalb! eines! Stalles! stammen! originär!
vom! Tier,! dem! Futter! oder! der! Einstreu! (HARRY! 1978).! Mikroorganismen,! darunter! auch!
Pathogene,!kommen!häufig!an!Staub!gebunden!vor!(CARPENTER!und!FRYER!1990,!HARTUNG!
und! SALEH! 2007)! und! können! über! diesen! Weg! innerhalb! eines! Bestandes! verbreitet!
werden.! LAU!et! al.! (1996)! demonstrierten,! dass! die!Verwendung! von!Umluftfiltermodulen!
innerhalb! des! Stallsystems! zu! einer! Reduzierung! des! Staubes! und! der! damit! assoziierten!
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der! Proben! sowie! die! Berechnung! der! Gesamtkeimzahl! und! der! Virustiter! erfolgte!
eigenständig.!
Die! statistische! Auswertung! erfolgte! eigenständig! nach! vorheriger! Beratung! durch! das!









Efficiency of different air filter types for pig
facilities at laboratory scale
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Air filtration has been shown to be efficient in reducing pathogen burden in circulating air.
We determined at laboratory scale the retention efficiency of different air filter types either
composed of a prefilter (EU class G4) and a secondary fiberglass filter (EU class F9) or con-
sisting of a filter mat (EU class M6 and F8-9). Four filter prototypes were tested for their
capability to remove aerosol containing equine arteritis virus (EAV), porcine reproductive
and respiratory syndrome virus (PRRSV), bovine enterovirus 1 (BEV), Actinobacillus pleur-
opneumoniae (APP), and Staphylococcus (S.) aureus from air. Depending on the filter pro-
totype and utilisation, the airflow was set at 1,800 m3/h (combination of upstream prefilter
and fiberglass filter) or 80 m3/h (filter mat). The pathogens were aerosolized and their con-
centration was determined in front of and behind the filter by culture or quantitative real-time
RT-PCR. Furthermore, survival of the pathogens over time in the filter material was deter-
mined. Bacteria were most efficiently filtered with a reduction rate of up to 99.9% depending
on the filter used. An approximately 98% reduction was achieved for the viruses tested. Via-
bility or infectivity of APP or PRRSV in the filter material decreased below the detection limit
after 4 h and 24 h, respectively, whereas S. aureus was still culturable after 4 weeks. Our
results demonstrate that pathogens can efficiently be reduced by air filtration. Consequently,
air filtration combined with other strict biosecurity measures markedly reduces the risk of
introducing airborne transmitted pathogens to animal facilities. In addition, air filtration might
be useful in reducing bioaerosols within a pig barn, hence improving respiratory health of
pigs.
Introduction
Biosecurity measures are of utmost importance for a high standard in animal husbandry. Min-
imizing the risk of the introduction of pathogens into livestock herds is crucial to maintain a
high health status. Routine measures include the use of protective clothing, quarantine proce-
dures, instructions for cleaning and disinfection and others. Studies performed in the United
States have shown that supply air filtration in pig facilities can prevent the entry of airborne
pathogens such as the porcine reproductive and respiratory syndrome virus (PRRSV) and
Mycoplasma (M.) hyopneumoniae ([1–3]. The spread via aerosols is well documented for
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PRRSV andM. hyopneumoniae with a long-distance airborne transport of up to 10 km [4,5].
Investigations on American farms equipped with air filtration revealed high efficacy in reducing
the number of PRRSV outbreaks. The incidence of new PRRSV infections in breeding herds
housed without air filtration was reported to be eight times higher compared to filtered farms
[6]. However, commercial swine buildings with supply air filtration are still not a standard.
Besides the capacity of air filters to protect herds against airborne transmission from out-
side their ability to reduce bioaerosol droplets containing potential pathogens as well as dust in
circulating air is also of interest. Pathogens are mostly associated with dust particles [7] and a
high airborne germ load may lead to faster spread of the pathogens among herds. Moreover,
damages of the respiratory tract, caused by high dust pollution inside the stable, can increase
susceptibility to infections with certain pathogens [8].
There are air filters of different classification available and nomenclature varies according
to European or American standards. In principle, Coarse Filters (pre filter, EU class G) [9],
Fine Filters (medium filter, EU class M and F) [9], High Efficiency Particulate Air (HEPA) fil-
ters (EU class H) [10], and Ultra Low Penetration Air (ULPA) filters (EU class U) [10] exist.
HEPA and ULPA filters are commonly used to clear air in pharmaceutical industry and hospi-
tal settings as well as of microbiological laboratories. The costs of installing HEPA filters in a
commercial swine facility were calculated to be approximately $ 1,500–2,000 USD per boar/
sow [11]. Hence, a cost-efficient filter, easy to implement in an already existing ventilation
plant with long service intervals would be of great interest.
The purpose of this study was to determine the air filtration efficiency of four different
commercially available air filters for selected viruses and bacteria at laboratory scale in order to
choose the most appropriate and affordable filter for pig facilities.
Materials andmethods
Filter prototypes and test facility setup
Four mechanical filters with different levels of filtration efficiency were tested. A description of
the four filter prototypes is given in Table 1. Briefly, prototypes 1 and 2 were composed of a
prefilter and a secondary filter whereas prototypes 3 and 4 consisted of a filter wool mat. The
secondary filters of both, prototype 1 and 2, had been determined to be>95% efficient at
removing particles equal to or greater than 0.4 μm in diameter. Prototypes 1 and 2 are suitable
for positive and negative pressure ventilation systems whereas prototypes 3 and 4 are designed
only for negative pressure ventilation systems. Filter retention efficiency for selected pathogens
was tested in a specific test chamber. It consisted of two identical elements, 150 cm in length
and 59 cm in width and height, separated by the respective air filter prototype (Fig 1), dividing
the he test chamber into a crude gas side (inlet) and a clean gas side (outlet). The pathogens
were aerosolized by an ATM 230 (Topas GmbH, Dresden, Germany) and supplied into the
chamber via a flexible tube using gauge pressure. Air samples were collected over 20 min at a
flow rate of 550 l/h in front of (A) and behind (B) the tested filter prototypes (Fig 1). An axial
fan ensured a continuous airflow. HEPA filters (class E13) at the air inlet and outlet assured
clean air intake and a virus-free outlet air. Tests were performed at different volume flow rates
depending on the field of filter application in a subsequent case-control study at a pig fattening
facility. Prototypes 1 and 2 were tested as candidates for a high velocity ventilation system.
According to the structural conditions at the pig facility these prototypes were tested at a vol-
ume flow rate of 1,800 m3/h. Prototype 3 and 4 were intended to use in combination with a dif-
fused air ceiling and were thus tested at 80 m3/h. Consequently a comparison of the filter
retention efficacy between filter 1 and 2 as well as between filter 3 and 4 was performed. Pre-
liminary tests were conducted with each filter prototype using Equine arteritis virus (EAV)
Air filtration efficiency
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and Staphylococcus (S.) aureus exemplarily in order to choose the most efficient filter from
group 1 (filter 1 compared to filter 2) and group 2 (filter 3 compared to filter 4) for further
testing.
Fig 1. Schematic design of the test chamber. A: first sampling point in front of the filter, B: second sampling point behind the filter. Dimensions are given in
mm.
https://doi.org/10.1371/journal.pone.0186558.g001
Table 1. Technical information of the filter prototypes.




Description Panel filter Compact filter Panel filter Compact filter Filter mat Filter wool with glass
fiber
Filter matter Polyester Glass fiber Synthetic-organic
fiber






















Size (mm) 592 x 592 x 48 592 x 592 x 292 595 x 595 x 48 593 x 593 x 292 1,200 x 1,200 1,200 x 1,200
Filter surface 1.2 m2 18.8 m2 1.1 m2 18 m2 1.35 m2 1.35 m2
Initial pressure loss 70 Pa at 2.7
m/s
110 Pa at 2.7
m/s
75 Pa at 2.7 m/s 105 Pa at 2.7
m/s
20 Pa at 0.1 m/s 50 Pa at 0.1 m/s
EU EN 779 class [9] G4 F9 G4 F9 M6 approx. F8–F9*
US ASHRAE standard 52.2–
2007 [12]
MERV 6–8 MERV 16 MERV 6–8 MERV 16 MERV 9–13 MERV 14–16
MERV-minimum efficiency reported value
* not tested according to EN 779 [9]
https://doi.org/10.1371/journal.pone.0186558.t001
Air filtration efficiency
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Choosing pathogens and preparation of cultures
Three viruses and three bacterial species were chosen for the experiments. EAV (strain Bucyrus)
was used as a representative for viruses in preliminary tests with all four filter prototypes. This
virus is closely related to PRRSV [13] and routinely maintained in our laboratory at high titers.
It was grown in Vero B4 cells (CCLV RIE 1146) using Iscove’s Modified Dulbecco’s Medium
(Life Technologies GmbH, Darmstadt, Germany) mixed 1:2 with Ham’s F12 Nutrient Mixture
(Life Technologies GmbH) + 5% fetal calf serum (FCS; Sigma-Aldrich Chemie GmbH, Schnell-
dorf, Germany) at 37˚C. We chose PRRSV because of its economic impact in swine industry
[14]. Moreover, several studies had already demonstrated the efficacy of some air filter methods
in reducing PRRSV under experimental conditions [1,15–17,6]. Further experiments were per-
formed using bovine enterovirus 1 (BEV, strain LCR-4) as a surrogate for foot-and-mouth dis-
ease virus (FMDV). Both are small non-enveloped RNA-viruses and belong to the family
Picornaviridae [18]. Foot-and-mouth disease still remains an important economic concern in
livestock production, especially in swine and cattle. FMDV is a highly contagious virus and evi-
dence of long-distance airborne transport up to 250 km has been reported [19,20]. PRRSV
(PRRS1 Porcilis EU live attenuated vaccine, MSD Animal Health, Unterschleissheim, Ger-
many) and BEV were grown in MARC-145 (CCLV RIE 277) and MDBK cells (CCLV RIE 261),
respectively, both maintained at 37˚C in MEMHank‘s salts (with L-Glutamine; Life Technolo-
gies GmbH) andMEM Earle‘s salts (with L-Glutamine; Life Technologies GmbH) supple-
mented with non-essential amino acids (Life Technologies GmbH), sodium pyruvate (Life
Technologies GmbH) and 10% FCS (Sigma-Aldrich Chemie GmbH). All cell lines were
obtained from the Collection of Cell Lines in Veterinary Medicine (CCLV), Friedrich-Loeffler-
Institute, Greifswald—Insel Riems, Germany. Pooled cell culture supernatants of each virus
were cleared by low-speed centrifugation and stored in 50 ml-aliquots at -80˚C until further
use. Virus suspensions had a titer of 106.7–107.6 tissue culture infectious dose (TCID)50/ml
(EAV), 105.3–105.8 TCID50/ml (PRRSV), and 10
5.3–105.6 TCID50/ml (BEV).
As a representative for Gram-positive bacteria, S. aureus (strain DSM 799) was chosen for
the preliminary tests. Staphylococci and other Gram-positive bacteria constitute 80% of the
total airborne germs inside livestock housings [21]. Moreover, Methicillin-resistant S. aureus
(MRSA) was found in air samples from pig barns in high numbers. MRSA is bound to and
spread via dust particles [22]. S. aureus cultures were grown in Tryptic Soy Broth (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) at 37˚C over night to reach 108−109 colony-forming
units (cfu)/ml and were subsequently used for filter experiments. Actinobacillus pleuropneumo-
niae (APP) and mycoplasma cause various diseases in swine. APP is known to be transmitted
over only short distances [23,24] whereas mycoplasma are able to spread by aerosol over long
distances [5]. APP (type strain, DSM 13472) was cultured in PPLO-broth (Acumedia, Lansing,
USA) supplemented with nicotinamide adenine dinucleotide (10 mg/l; Carl Roth GmbH +
Co. KG) at 37˚C for 18 h resulting in 6 x 108 cfu/ml. APP cultures were likewise subsequently
used.Mycoplasma (M.) hyorhinis (type strain BTS-7, DSM 25591) was grown in liquid Friis-
medium (according to European Pharmakopöe) at 37˚C to obtain 106−107 cfu/ml and was
stored in 50 ml-aliquots at -80˚C until experiments were performed. All bacterial strains were
obtained from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany. In a set of preceding tests, filter matters and the gelatin fil-
ter for air sampling were tested for toxicity for each cell line and bacterium.
Experiments
Five replicates were performed with every filter and the respective pathogen. Filters were
changed between the various pathogens. Pathogens were aerosolized by the Atomizer Aerosol
Air filtration efficiency
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Generator ATM 230 (Topas GmbH) filled with 50 ml of the respective pathogen culture. ATM
230 produces droplet aerosols with known properties according to the guideline VDI 3491
[25]. According to the manufacturer the ATM 230 warrants highly constant particle size distri-
bution as well as particle concentration with high reproducibility and a high aerosol output. A
particle impaction section removed coarse spray droplets resulting in a particle size distribu-
tion of 0.2 μm to 1 μm. HEPA-filtered compressed air of 5 bar (tests of prototype 1 and 2) and
3.5 bar (tests of prototype 3 and 4) was used to aerosolize pathogen suspensions.
Air was collected using an air sampler pump (Analyt-MTC GmbH, Müllheim, Germany)
and water-soluble gelatin filters (Sartorius 12602-80-ALK, Sartorius AG, Göttingen, Germany)
in front of (Fig 1A) and behind the filter prototype (Fig 1B). The airflow rate was set at 550 l/h
and sampling was performed for 20 min. For determination of infectious virus particles and
bacteria, each gelatin filter was dissolved at 37˚C in 5 ml of the respective growth medium.
Solutions were filtered through a 0.2 μm syringe filter prior to virus titration and virus titer
was calculated with the formula of Spaermann and Kärber [26,27]. Each virus titration was
repeated once.
Bacteria were enumerated by the spread-plate method. Samples were plated onto Tryptic
Soy Agar (S. aureus; Carl Roth GmbH & Co. KG), Chocolate Agar with Vitox (APP; OXOID
Deutschland GmbH, Wesel, Germany) or Friis agar (M. hyorhinis) in duplicates and incubated
at 37˚C, 5% CO2, as described before.
Filter retention was calculated according to the following equation:
Filter reduction %ð Þ ¼
pathogen number behind the f ilter
pathogen number in front of the f ilter
$ 100 %
In addition, viability of pathogens in culture residuals recovered from the Atomizer ATM
230 bowl was assessed.
Quantitative real-time RT-PCR for the detection of BEV
As BEV turned out to be very susceptible for desiccation, we additionally investigated all sam-
ples by PCR in order to get a second estimate. All dissolved samples were subjected to RNA
isolation by the RNeasy1Mini Kit (Qiagen, Hilden, Gemany) and were tested for the pres-
ence of virus RNA using the SuperScript III Platinum1One-Step Quantitative RT-PCR
System (Life Technologies Corporation, Carlsbad, USA) according to the manufacturers’
instructions. Primers (BEV-5FL 5’-GCCGTGAATGCTGCTAATCC-3’, BEV-3FL 5'-GT
AGTCTGTTCCGCCTCCACCT-3’) and probe (BEV-SON 5’-6FAM-CGCACAATCCAG
TGTTGCTACGTCGTAAC-3’BBQ) were adopted from our colleagues [28] with minor
modifications.
Survival of pathogens inside the filter matter
After each experiment the filter was boxed, labelled with the date of the experiment and the
used pathogen and stored at room temperature (average +20˚C). To monitor the viability
and to verify a possible multiplication of the pathogens inside the filter matter, samples of
each filter were taken at certain intervals (30 min, 60 min, 120 min, 240 min, 24 h, 48 h, 7 d
and 4 weeks) after the experiment until growth was no longer recorded. Five pieces (each 1
cm x 1 cm) of the prefilter and the secondary filter were taken with a sterile scalpel and twee-
zers. Samples of the respective filter part were pooled and incubated in the appropriate cul-
ture medium for 10 minutes. Virus titration, bacterial culture and PCR were performed as
described above.
Air filtration efficiency




Statistical analysis was made with SPSS Statistic 22 (IBM Deutschland GmbH, Ehningen, Ger-
many). For comparison of filter prototype 1 with prototype 2 as well as prototype 3 with proto-
type 4 the exact Wilcoxon-Mann-Whitney-U-test was used to evaluate whether a respective
filter revealed better retention efficiency.
Results
None of the four prototype filter matters revealed toxic activity against the cell lines and bacte-
ria used. With regard to pathogen amount filled into the atomizer and pathogen count in the
test chamber in front of the filter, a high loss of infectious particles was noticed for all trials
irrespective of the pathogen used (Table 2). The four filter prototypes revealed different reten-
tion efficiencies with the various pathogens (Table 2). Due to filter composition a comparison
of retention rates was possible only for prototype 1 and 2 as well as for prototype 3 and 4.
Preliminary tests with all four filters were done with EAV and S. aureus. Regarding EAV, there
was no significant difference in retention rates determined for prototype 1 and 2 (p = 1.000). Pro-
totype 3 revealed a slightly lower filter efficiency compared to prototype 4 (p = 0.286). Moreover,
clogging of prototype 3 was noticed during the experiment. As a consequence, a step-wise adjust-
ment at the frequency converter was necessary in order to keep the volume flow rate at 80 m3/h.
Therefore, prototype 3 was excluded after the first experiments using EAV. Prototypes 1, 2 and
4 were further tested with S. aureus as a representative for bacteria. Compared to prototype 2, pro-
totype 1 achieved a significant lower retention efficiency for S. aureus (p = 0.016). However,
although prototype 2 revealed a reduction rate of>99% it was sorted out due to slightly higher
maintenance costs. Prototype 4 filtered S. aureus to 99.97% from air.
Table 2. Retention efficiency determined for the different filter prototypes.
Pathogen Prototype Pathogen amount Reduction efficiency (%) ± standard
deviationin culture suspension filled into the
atomizer
in front of the filter behind the filter
EAV 1 107.5 TCID50/ml 10
3.7 TCID50/ml 10
2.1 TCID50/ml 97.5 ± 1.19
2 106.7 TCID50/ml 10
3.6 TCID50/ml 10
2.0 TCID50/ml 97.5 ± 2.36
3* 107.6 TCID50/ml 10
5.0 TCID50/ml 10
3.6 TCID50/ml 96.0 ± 13.01
4 107.3 TCID50/ml 10
4.7 TCID50/ml 10
2.8 TCID50/ml 98.7 ± 1.26
S. aureus 1 6.2 x 108 cfu/ml 5.4 x 105 cfu/ml 7.2 x 103 cfu/ml 98.6 ± 0.29
2# 1.5 x 108 cfu/ml 3.2 x 105 cfu/ml 2.6 x 103 cfu/ml 99.2 ± 0.21
4 1.3 x 108 cfu/ml 5.4 x 105 cfu/ml 9.1 x 101 cfu/ml 99.97 ± 0.07
PRRSV 1 105.8 TCID50/ml 10
3.8 TCID50/ml 10
2.1 TCID50/ml 98.0 ± 1.05
4 105.3 TCID50/ml 10
2.9 TCID50/ml 10
1.8 TCID50/ml 92.1 ± 5.96
BEV 1 1.5 x 1010 copies/μl template$ 5.6 x 106 copies/μl
template
1.9 x 105 copies/μl
template
96.0 ± 2.90
4 1.5 x 1010 copies/μl template 1.2 x 108 copies/μl
template
1.5 x 106 copies/μl
template
98.7 ± 0.72
APP 1 3.8 x 108 cfu/ml 2.8 x 103 cfu/ml 1.6 x 102 cfu/ml 95.2 ± 3.34
4 3.5 x 108 cfu/ml 6.7 x 104 cfu/ml 6.5 x 101 cfu/ml 99.9 ± 0.05
M.
hyorhinis
1 3.6 x 106 cfu/ml 0 cfu/ml 0 cfu/ml na
1.3 x 107 cfu/ml 0 cfu/ml 0 cfu/ml na
TCID—tissue culture infectious dose; cfu–colony-forming units; na–not applicable
*sorted out after the first experiments due to compaction of the filter matter
#excluded because of economic reasons
$determined by quantitative real-time RT-PCR
https://doi.org/10.1371/journal.pone.0186558.t002
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All further tests using PRRSV, BEV, and APP were done with prototype 1 (two-part filter
system, 1,800 m3/h, air velocity 1.4 m/s) and prototype 4 (filter wool, 80 m3/h, air velocity 0.06
m/s). Prototype 1 revealed the highest reduction rate for PRRSV (i.e. 98.0%) and the lowest for
BEV (96.0%). Reduction efficiencies achieved for S. aureus and APP were 98.6% and 95.2%,
respectively. Prototype 4, tested at a lower volume flow rate of 80 m3/h, revealed a nearly 100%
reduction of APP but was less efficient for EAV, BEV and PRRSV (Table 2).
Experiments usingM. hyorhinis failed. This might be explained by a low initial bacterial
titer (106−107 cfu/ml) or by agglomeration of bacteria cells resulting in insufficient amounts of
bacteria released into the test chamber (Table 2). Even the use of a magnetic stirrer and a
drilled nozzle of the atomizer did not lead to success.
After 20 min of continuous aerosolization (i.e. the length of an experiment) a decrease in
viability was only seen for PRRSV and APP. Viability of PRRSV decreased up to 75% whereas
viability of APP was reduced by over 90%.
S. aureus stayed infectious for four weeks in both prefilter and secondary filter of prototype
1 but not in prototype 2 (Table 3). A 1000-fold decrease in cfu/ml was achieved within the first
week of storage followed by another 100-fold reduction after 4 weeks. Viability also disap-
peared after four weeks in the glass wool of prototype 4. In contrast, APP stayed viable only up
to 4 h in both filter parts of prototype 1 and was inconsistently recovered up to 4 h of storage
from prototype 4. PRRSV was isolated from the secondary filter matter of prototype 1 and
from prototype 4 lastly 24 h after the experiment had ended. BEV was not grown from any of
the filter matters.
Discussion
The objective of this study was to evaluate and compare the efficiency of different air filter
types tested at laboratory scale in an attempt to identify suitable candidates for air filtration in
swine industry. This laboratory part was a prerequisite for a case-control study under field
conditions performed subsequently (to be reported elsewhere). In Germany, filters for supply
air are not commonly used in pig production although several studies demonstrated the ability
Table 3. Kinetics of infectivity in the filter material.
Pathogen Prototype Pathogen infectivity after selected points in time
0.5 h 1 h 2 h 4 h 24 h 48 h 1 w 4 w 6 m
S. aureus 1 PF nd nd nd nd + + + + -
SF nd nd nd nd + - + + -
2 PF nd nd nd nd + + + - nd
SF nd nd nd nd + + + - nd
4 glass wool nd nd nd nd + + + - nd
PRRSV 1 PF - - - - - - - - nd
SF + + + + + - - - nd
4 glass wool + - + + + - - nd nd
BEV 1 PF - - - - - - nd nd nd
SF - - - - - - nd nd nd
4 glass wool - - - - - - nd nd nd
APP 1 PF + + + + - - - nd nd
SF + + + + - - - nd nd
4 glass wool + + - + - - - nd nd
PF–Prefilter; SF—Secondary filter; nd-not done; h- hour; w-week; m-month; + bacterial /viral growth; − no bacterial /viral growth
https://doi.org/10.1371/journal.pone.0186558.t003
Air filtration efficiency
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to protect pig populations from airborne pathogen transmission by filtering fresh air
[1,6,29,30]. In contrast, air filtration systems have already been implemented in numerous sow
farms in pig dense areas in the Midwest of the US [31].
Prototypes 1 and 2 utilized in our study each consisted of an EU F9 (MERV 16) fiberglass
filter combined to an upstream prefilter (EU G4, MERV 6–8). Both prototypes are suitable for
positive and negative pressure ventilation systems but differ in prefilter media, thickness, and
base weight (Table 1). When used in pig barns, the fiberglass filters need to be changed every
two to three years. The prefilter increases the filter lifespan and reduces investment outlay.
Prototypes 3 (EUM6) and 4 (EU F8-9) also differ regarding filter media, thickness, and base
weight (Table 1) and are both only suitable for negative pressure ventilation systems. In the
first preliminary experiments, air filters eliminated EAV to!96% from air. Although EAV is a
small virus of approximately 0.06 μm in diameter all filter prototypes revealed results compara-
ble to the average efficiency at 0.4 μm (i.e.>95%) determined by the manufacturer. Aerosol
droplets produced by the ATM 230 Atomizer range from 0.2 μm up to 1.0 μm in size (accord-
ing to the manufacturer’s information) and virus particles bound to these droplets are there-
fore easier to trap. This also reflects the situation at a pig barn as potential pathogens occur as
bioaerosol droplets bound to moist, dust and other environmental components [32].
Overall, prototype 4 revealed highest pathogen reduction rates with the exception of tests
using PRRSV. Compared to EAV PRRSV is similar in size and this would imply a similar
reduction rate for both viruses which was achieved using prototype 1. However, results
obtained for both viruses using prototype 4 varied markedly. Only marginal differences were
seen between the five PRRSV-replicates hence a bias in test performance and analyses could be
excluded. It has been described that the source of the raw material influences filter quality [32].
Prototype 4-experiments using EAV and PRRSV were done with a time-lag of five months and
we had to reorder prototype 4. Therefore, minor differences in filter material of different lot
numbers cannot fully excluded and might be a possible explanation for the different results.
Bacteria are much larger in size than viruses and the higher efficiency obtained using S.
aureus and APP is much likely a matter of particle size. A 99.9%-efficiency was achieved using
prototype 4, APP and S. aureus. Prototype 1 was less efficacious using APP although actinoba-
cilli are larger in size (max. 0.5 x 1.4 μm) than staphylococci suggesting a similar or even higher
filter retention rate compared to S. aureus. However, higher numbers of APP passed the filter a
fact that so far remains unexplained.
It was found that Gram-negative bacteria experience stress during aerosolization by colli-
sion nebulizers [33], a fact that is confirmed by own preliminary tests using E. coli and Pseudo-
monas aeruginosa (see S2 Table). In the present study, viability of PRRSV and APP decreased
substantially whereas BEV and S. aureus were more robust. Aerosolization stress influences
culturability possibly resulting in false high reduction efficiencies. Reduction rates were calcu-
lated from aerosolized pathogens sampled in front of and behind the air filter. Hence, patho-
gens in these samples were likewise impaired by aerosolization. However, this does not fully
exclude but diminishes possible calculation errors. Moreover, aerosolized bacteria carry elec-
tric charges that play an important role when particles are collected on filters [34]. Unfortu-
nately, devices for charge neutralization were not available for our study.
Despite a high reduction rate for certain filter prototypes, viable (i.e. infectious) pathogens
were recovered from the clean gas side in any experiment except for BEV. BEV is well known
to be highly susceptible to inactivation by drying [35] which is confirmed by our investigations
as live BEV was only occasionally cultured from samples taken in front of the filter during tests
at a flow rate of 80 m3/h (prototype 4), but not in any sample from trials at the higher volume
flow rate of 1,800 m3/h. For this reason, BEV analyses were carried out by quantitative real-
time RT-PCR which proved to be a valid method.
Air filtration efficiency
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Other studies mainly included experimental models or controlled field models and evalu-
ated air filters regarding their ability to reduce aerosol transmission of PRRSV from infected
donor pigs housed adjacent to naïve recipients [1,2,15,16,30]. Only one study [36] evaluated
mechanical filters (MERV 14/EU F8 and MERV 16/EU F9) using PRRSV similar to the study
presented here. Overall, our results regarding PRRSV are in concordance with this study
although test chamber design, virus concentration (101 to 107 TCID50/l), air velocity (1.1 m/s),
and diagnostic assays (RT-PCR, swine bioassay) differed from our study. In contrast to our
study, one MERV 16 filter tested by our colleagues [36] was able to completely prevent the
transport of airborne PRRSV [4].
With regard to biosafety precautions at filter change under field conditions, we further inves-
tigated viability and infectivity of the respective pathogen inside the filter material over time at
room temperature. In addition, the question came up whether certain pathogens might be able
to multiply or accumulate inside the filter matter hence representing a source of infection, too.
Depending on the filter S. aureus was still viable four weeks after the experiment, whereas APP
was no longer cultivable at 24 h after the experiment. APP has a short survival time on dry sur-
faces and even survived less than one day when held under natural conditions of humidity [37]
whereas S. aureus has been described as resistant to desiccation [38] and consequently survives
over a longer period on dry surfaces [39] which supports our results. PRRSV stayed infectious
only in the secondary filter of prototype 1 and in the filter mat of prototype 4. In both, infectivity
diminished after 24 h of storage. It was not recovered from the prefilter of prototype 1 maybe
due to the structure of this coarse particle filter which might be unable to retain this small virus.
Overall, this leads to the assumption that virus accumulation and multiplication of bacteria
inside the filter materials is unlikely to occur. Nevertheless, as pathogens generally survived up
to weeks, personal protective equipment should be used during change of filters.
Based on our findings and studies published elsewhere (e.g. [1,15,16]) it can be ascertained
that air filtration combined with other strict biosecurity measures remarkably reduces the risk
of introducing airborne transmitted pathogens to animal housings. To further evaluate the
influence of air filtration systems on indoor air quality and animal health, air filtering systems
based on our prototypes 1 and 4 were installed into a pig facility in Saxony, Germany. After
three consecutive fattening periods results are currently under analysis with special emphasis
on air quality and lung health of pigs.
Conclusions
Depending on the filter matter and pathogen, a reduction rate of up to 3 log10-steps was
achieved at laboratory scale. Filter efficiency was much higher for bacteria compared to viruses
mainly due to filter structure and size of the respective pathogen. Despite a reduction of up to
99.9%, infectious particles passed all filters with the exception of BEV. However, the latter
result must be attributed to the sensitivity of BEV against desiccation. Pathogen viability faded
over storage time at room temperature, hence, an accumulation or multiplication of pathogens
in the filter mat is unlikely; an important fact with regard to filter replacement by staff mem-
bers. In concordance with other studies we clearly demonstrated the efficacy of air filters.
However, more information on their efficacy in the field is needed before conclusions on ani-
mal health can be drawn.
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S2 Table. Filter efficiency measured using different bacteria. Raw data obtained from five
replicates.
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S3 Table. Kinetic of infectivity.
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S3 Table. Kinetic of infectivity
prefilter secondary filter
24 h 22 S. aureus DSM 799 150000 cfu/ml 4000 cfu/ml
48 h 22 S. aureus DSM 799 18000 cfu/ml 7200 cfu/ml
1 w 22 S. aureus DSM 799 5318 cfu/ml 814 cfu/ml
4 w 22 S. aureus DSM 799 80 cfu/ml 45 cfu/ml
8 w 22 S. aureus DSM 799 0 cfu/ml 0 cfu/ml
6 m 22 S. aureus DSM 799 71400 cfu/ml 9400 cfu/ml
24 h 22 S. aureus DSM 799 43000 cfu/ml 5000 cfu/ml
48 h 22 S. aureus DSM 799 600 cfu/ml 124 cfu/ml
1 w 22 S. aureus DSM 799 0 cfu/ml 0 cfu/ml
4 w 22 S. aureus DSM 799 nd nd
8 w 22 S. aureus DSM 799
6 m nd S. aureus DSM 799
24 h 22 S. aureus DSM 799
48 h 22 S. aureus DSM 799
7 d 22 S. aureus DSM 799
4 w 22 S. aureus DSM 799 0 TCID50/ml 0 TCID50/ml
8 w 22 S. aureus DSM 799 0 TCID50/ml 0 TCID50/ml
6 m nd S. aureus DSM 799 0 TCID50/ml 0 TCID50/ml
30 min 22 BEV-1 0 TCID50/ml 0 TCID50/ml
60 min 22 BEV-1 0 TCID50/ml 0 TCID50/ml
2 h 22 BEV-1 0 TCID50/ml 0 TCID50/ml
4 h 22 BEV-1 nd nd
24 h 22 BEV-1 nd nd
48 h 22 BEV-1 nd nd
1 w nd BEV-1
4 w nd BEV-1
6 m nd BEV-1
30 min 22 BEV-1
60 min 22 BEV-1
4 h 22 BEV-1
24 h 22 BEV-1
48 h 22 BEV-1
1 w nd BEV-1
4 w nd BEV-1
6 m nd BEV-1
30 min 22 PRRSV
60 min 22 PRRSV
2 h 22 PRRSV
4 h 22 PRRSV
24 h 22 PRRSV
48 h 22 PRRSV
1 w 22 PRRSV 0 TCID50/ml cpe, uncalculable 







































6 m nd PRRSV 0 TCID50/ml cpe, uncalculable 
30 min 22 PRRSV 0 TCID50/ml cpe, uncalculable 
60 min 22 PRRSV 0 TCID50/ml cpe, uncalculable 
2 h 22 PRRSV 0 TCID50/ml 0 TCID50/ml
4 h 22 PRRSV 0 TCID50/ml 0 TCID50/ml
24 h 22 PRRSV 0 TCID50/ml 0 TCID50/ml
48 h 22 PRRSV nd nd
1 w 22 PRRSV 1100 cfu/ml 970 cfu/ml
4 w 22 PRRSV 1300 cfu/ml 150 cfu/ml
6 m nd PRRSV 400 cfu/ml 210 cfu/ml
30 min 22 APP DSM 13474 200 cfu/ml 40 cfu/ml
60 min 22 APP DSM 13474 0 cfu/ml 0 cfu/ml
2 h 22 APP DSM 13474 0 cfu/ml 0 cfu/ml
4 h 22 APP DSM 13474 0 cfu/ml 0 cfu/ml
24 h 22 APP DSM 13474 nd nd
48 h 22 APP DSM 13474 nd nd
1 w 22 APP DSM 13474
4 w nd APP DSM 13474
6 m nd APP DSM 13474
30 min 22 APP DSM 13474
60 min 22 APP DSM 13474
2 h 22 APP DSM 13474
4 h 22 APP DSM 13474
24 h 22 APP DSM 13474
48 h 22 APP DSM 13474
1 w 22 APP DSM 13474
4 w nd APP DSM 13474
6 m nd APP DSM 13474
w - weeks, m - months
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Abstract
Biosecurity is defined as the implementation of measures that reduce the risk of disease
agents being introduced and/or spread. For pig production, several of these measures are
routinely implemented (e.g. cleaning, disinfection, segregation). However, air as a potential
vector of pathogens has long been disregarded. Filters for incoming and recirculating air
were installed into an already existing ventilation plant at a fattening piggery (3,840 pigs at
maximum) in Saxony, Germany. Over a period of three consecutive fattening periods, we
evaluated various parameters including air quality indices, environmental and operating
parameters, and pig performance. Animal data regarding respiratory diseases, presence of
antibodies against influenza A viruses, PRRSV, and Actinobacillus pleuropneumoniae and
lung health score at slaughter were recorded, additionally. There were no significant differ-
ences (p = 0.824) in total bacterial counts between barns with and without air filtration. Recir-
culating air filtration resulted in the lowest total dust concentration (0.12 mg/m3) and lung
health was best in animals from the barn equipped with recirculating air filtration modules.
However, there was no difference in animal performance. Antibodies against all above men-
tioned pathogens were detected but mostly animals were already antibody-positive at re-
stocking. We demonstrated that supply air filtration as well as recirculating air filtration tech-
nique can easily be implemented in an already existing ventilation system and that recircu-
lating air filtration resulted in enhanced lung health compared to supply air-filtered and non-
filtered barns. A more prominent effect might have been obtained in a breeding facility
because of the longer life span of sows and a higher biosecurity level with air filtration as an
add-on measure.
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In today’s pig industry with facilities of large animal numbers specific biosecurity implementa-
tions are a prerequisite to guarantee animal health and performance. Standard biosecurity proto-
cols mainly include measures to prevent infections via direct or indirect transmission routes like
pigs, semen, human beings, transport vehicles, insects, and fomites. However, treatment of air is
often not included in these measures. Air filtration as a biosecurity measure can be used in differ-
ent fields of application. Supply air filtration has already been demonstrated to efficiently reduce
porcine reproductive and respiratory syndrome virus (PRRSV) andMycoplasma (M.) hyopneu-
moniae in incoming air [1–6] and numerous sow farms in swine dense areas in the Midwest
United States implemented this technique [7]. The concept of filtering indoor air in pig produc-
tion [8–11] is still new to pig production facilities [12]. Indoor airborne particles and microor-
ganisms mainly originate from animals, food, and bedding [13]. Particles with aerodynamic
diameters>2.5 μm and<10 μm have an acute effect on respiratory health, particularly among
susceptible populations [14]. Pathogens are often attached to dust particles [15,16] and this may
lead to a faster spread in and between animal buildings. Furthermore, dust may impair the respi-
ratory tract thus increasing susceptibility to infections with high and low pathogenic microor-
ganisms [17,10]. Recently, methicillin-resistant Staphylococcus aureus (MRSA) has been detected
bound to dust particles and in high concentrations in the air of pig facilities [18,19] posing a
health threat to animals and caretakers [20,21]. Hence, indoor air quality can also be improved
by filtering dust and its associated hazards. A high filtering efficacy (92.0%-99.9%) was demon-
strated using two different air filter types for PRRSV, Staphylococcus aureus and Actinobacillus
pleuropneumoniae at laboratory scale [22]. Filters consisted either of an EU class F9 (MERV 16)
fiberglass filter combined to an upstream prefilter (EU class G4, MERV 6–8), or of a glass wool
filter mat (EU class F8-9, MERV 14–16). The above mentioned air filter types were installed into
an already existing ventilation plant at a fattening piggery in Saxony, Germany. Over a period of
three consecutive fattening periods, various parameters including air quality indices (total air-
borne dust levels, bacteria counts, ammonia, and CO2 levels), environmental and operating
parameters (temperature, ventilation air flow, relative humidity), and pig performance were
monitored. In addition, animal data regarding respiratory diseases, presence of antibodies
against selected microorganisms as well as lung health scoring at slaughter were recorded.
The objective of this study was to evaluate the impact of three different mechanical air filtra-
tions systems on air quality, animal health and animal performance in comparison to a non-
filtered control. Two of these systems were designed for supply air filtration and a third for
recirculating air filtration.
Material andmethods
General description of the pig facility
The study was conducted at a pig farm located in Saxony (Germany) over three fattening peri-
ods (thirteen months) during 2015–2016. The test facility on the farm was composed of four
identical barns, which housed a maximum of 960 pigs each. Each barn (50 m long, 21.7 m
wide) consisted of 32 pens with a maximum of 32 pigs each, housed on fully slatted floors with-
out litter. Slurry trays underneath the slatted floors were discontinuously discharged in the
middle and at the end of each fattening period. There were eight pens to a row on both sides of
the two alleys (Fig 1). Two pens near the entrances of each barn were used for separating pigs
owing to various health issues. The barns were stocked from farrowing operations on the same
farm. At placing, animals were aged approximately eleven weeks and weighed on average 31
kg each. They remained in their barn for fourteen to sixteen weeks until marketable body
Air filtration, stable climate and pig performance
PLOSONE | https://doi.org/10.1371/journal.pone.0194641 March 20, 2018 2 / 21
salaries for author TR, but did not have any
additional role in the study design, data collection
and analysis, decision to publish, or preparation of
the manuscript. The specific roles of these authors
are articulated in the ‘author contributions’ section.
We acknowledge support from the German
Research Foundation (DFG) and Leipzig University
within the program of Open Access Publishing
(funding no. OAP-2018-127). The other funders
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.
Competing interests:We have the following
interests. This project was funded in part from a
special purpose fund of the German federal
government by the Landwirtschaftliche
Rentenbank (University of Leipzig grant number
741 120/1 and REVENTA® GmbH grant number
742 393/1). Tobias Reutter is an employee of
REVENTA®GmbH. There are no patents, products
in development or marketed products to declare.
This does not alter our adherence to all the PLOS
ONE policies on sharing data and materials, as
detailed online in the guide for authors.
36
Veröffentlichungen
weight (117–127 kg) was reached. Stocking occurred at four weeks intervals starting with barn
2 followed by barn 1, barn 3 and barn 4. Each barn was cleaned and disinfected before restock-
ing. Drinking water was provided by nipple drinkers and pigs were fed an industry-standard
diet provided by an automated wet feeding system. The piglets were vaccinated againstM.
hyopneumoniae and porcine circovirus 2.
General measures of biosecurity were disinfection of car tires at the entrance of the farm
area, proprietary overalls and boots for employees and visitors for each facility and disinfection
of boots before entering each barn. All visitors entering the barns must confirm by signature
that they had no contact with pigs from outside the facility for the last 48 h.
Fig 1. Structure of the four barns and sampling points. Each barn consisted of 32 pens and was accessible via two
doors. Exhaust air outlets in each barn are given as circles. Slashes on both sides of the picture symbolize the fresh air
inlets of barn 3 and 4. Triangles indicate the fresh air distributors of barn 1. Dust was measured at two sampling
locations that were randomly selected on the day of sampling but were identical with the sampling points for air
sampling. The latter sampling points (n = 6) are indicated by stars. Stars in yellow indicate sampling points for
ammonia (NH3). A (barn 1 and 3) and B (barn 2 and 4) represent the positions of the sensors for CO2 and relative
humidity. Recirculating air filter modules in barn 4 are represented by a framed X.
https://doi.org/10.1371/journal.pone.0194641.g001
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Ventilation systems at the test facility
Three barns (barn 1, 2, and 4) were equipped with air filtration and the remaining barn (barn
3) was used as a reference without any air filtration. Technical information of the different air
filter types can be taken from S1 Table. Each barn had twelve exhaust (negative pressure) fans
(Fig 1) which can be adjusted to provide adequate ventilation rates.
Barn 1 (supply air filter modules). Barn 1 was equipped with five supply air filter mod-
ules (high-velocity ventilation) installed at the left long side of the barn. From each module
fresh air was delivered into the barn by a ventilation pipe and two air distributors (Fig 2). Each
module was composed of a windscreen, twelve prefilters (MERV 6–8) and twelve secondary
filters (MERV 16) and an adiabatic cooling device for optional use (Fig 2A). The maximum
volume flow rate of each module was 20,000 m3/h. Fresh air inlets in the walls which had been
used for fresh air delivery before were tightly sealed.
Barn 2 (supply air filter attic). A ceiling consisting of perforated polyurethane cassettes
filled with two layers of a specifically treated glass wool filter (MERV 14–16) was installed into
the attic of barn 2 (Fig 3 and 3A). More than 340 of these cassettes served as a diffuse fresh air
supply system (displacement ventilation method). The maximum volume flow rate was 290
m3/h for each cassette. As described for barn 1, fresh air inlets in the walls (Fig 1) which had
been used for fresh air delivery before were tightly sealed.
Barn 3 (without air filtration system). Barn 3 as our reference without any air filtration
was equipped with fresh air inlets on both longitudinal sides (Fig 1). Air flow was regulated by
negative pressure.
Barn 4 (recirculating air filtration modules). Fresh air was delivered into barn 4 by fresh
air inlets on both longitudinal sides of the barn (Fig 1). In addition, four recirculating air filtra-
tion modules with a flow rate of 3,000 m3/h were installed indoors (indicated by a framed X in
Fig 1) assuming an air exchange rate of 3x stable volume/h. These were initially constructed as
plastic housings with an integrated vibrating dust sieve and an axial fan. However, dust parti-
cles remained stuck on the sieve and were not removed by the vibrating function as intended.
Therefore, the sieve was removed and the recirculating air filter modules were equipped with a
pocket air filter (MERV 5–6; Fig 4) instead. This was done during the first fattening period.
Pocket air filter replacement was necessary once during each fattening period for these recircu-
lating air filtration modules.
Evaluation of indoor air quality
Investigations were done at two week intervals. Barn 1 and 2 were sampled on the same day as
were barn 3 and 4. On every sampling day, all measurements were conducted between 9:00 a.
Fig 2. Distribution of fresh air into barn 1 and structure of the supply air filter modules of barn 1. (2.) This figure
exemplarily illustrates the air influx for one supply air filter module. Five of these modules were installed at the left long
side of barn 1. Each module was connected to a corresponding ventilation pipe along with two air distributors. The
direction of airflow is indicated by a blue arrow. (2.a) Supply air filter modules were composed of: A—windshield, B—
prefilters and secondary compact filters, C—adiabatic cooling device. Prefilter dimensions were 592 mm (length) x 592
mm (height) x 48 mm (width). Secondary compact filters sized 592 mm x 592 mm x 292 mm (see S1 Table). The
direction of airflow is indicated by a blue arrow.
https://doi.org/10.1371/journal.pone.0194641.g002
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Fig 3. Cross section of barn 2 demonstrating the distribution of fresh air and composition of the perforated
polyurethane cassettes used for supply air filtration in barn 2. (3.) Each filter unit consisted of a polyurethane
cassette and two glass wool filters. These units (indicated in yellow) were installed into the barn attic without gaps.
Fresh air entered the attic via slots underneath the roof (dark blue arrows). Air flow (indicated as multicolored arrows)
was regulated by negative pressure. (3.a) Each air filter unit in the attic of barn 2 was composed of two glass wool filter
mats (A, B) embedded in a perforated polyurethane cassette (C). Each mat sized 1,200 mm x 1,200 mm and had a
thickness of 40 mm. The direction of airflow through each cassette is indicated by a blue arrow.
https://doi.org/10.1371/journal.pone.0194641.g003
Fig 4. Cross section of a recirculating air filter module from barn 4. Each recirculating air filter module consisted of a plastic housing equipped with
a pocket air filter and a fan. The air volume flow rate was regulated via the fan. Module dimensions (mm) are specified and the direction of airflow is
indicated by a blue arrow. Barn 4 was equipped with four of these modules.
https://doi.org/10.1371/journal.pone.0194641.g004
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m. and 12:00 p.m.. Airborne bacteria, total dust particles, and ammonia were measured one
day before the pigs arrived as a “base line”. Temperature (indoor and outdoor), relative humid-
ity (DOL 114 humidity and temperature sensor, dol sensors, Roslev, Denmark), ventilation
flow rate (measuring fan integrated into exhaust air ducts, REVENTA1GmbH, Horstmar,
Germany), and carbon dioxide (CO2; OPN-CO2-E2 sensor, Hotraco Agri, AC Hegelsom, The
Netherlands) were continuously recorded with the following exception: During the first fatten-
ing period, and in barn 2 also during the second fattening period, CO2 was only measured at
two week intervals with a Testo 535-CO2 meter (Testo SE & Co. KGaA, Lenzkirch, Germany).
In addition, ammonia (NH3) concentration was measured every two weeks by means of a por-
table NH3 Gas Detector (Model CMS, Dräger Safety AG & Co. KGaA, Lübeck, Germany). All
devices were calibrated once a year by the manufacturer.
Wet cyclone technology (Coriolis1μ Air sampler, Bertin Technologies, Montigny le Bre-
tonneux, France) was used to sample airborne bacteria [23]. Sampling was carried out at pig
level for 10 minutes with a volume flow rate of 300 l air/min (i.e. total volume of 3,000 l) at six
standard sampling positions per barn (Fig 1). Air samples were collected in Coriolis1μ cones
filled with 10 ml phosphate buffered saline (PBS) supplemented with 0.005% Tween 80 (Carl
Roth GmbH + Co. KG, Karlsruhe, Germany). Samples were transported on ice to the labora-
tory and analyses started at the day of sampling. Dust sampling was carried out with the Dust-
Trak™DRX Aerosol Monitor 8533 (TSI GmbH, Aachen, Germany) for 10 minutes each at one
sampling point per alley (Fig 1) randomly selected out of six sampling points per barn. This
procedure was based on the results of a series of preliminary measurements where no differ-
ences in mean dust values collected at various different sampling points were found. The Dust-
Trak™DRX Aerosol Monitor simultaneously measures size-segregated mass fraction
concentrations corresponding to particles!1 μm,!2.5 μm, respirable particles,!10 μm, and
total particle size fractions. Calibration was done yearly by the manufacturer. Generally, no
measurements were done during feeding and slurry discharge.
Laboratory analyses of air samples
Coriolis1μ cones (Bertin Technologies) were thoroughly vortexed after sampling and ana-
lyzed. Two 1.5 ml aliquots were stored at -80˚C as a backup until further use. Bacteria were
enumerated by the spread-plate method. Each sample was serially diluted 1:10 in tryptic soy
broth (Carl Roth GmbH + Co. KG) and was plated in a volume of 0.1 ml onto Columbia sheep
blood agar (CSA; Oxoid, Wesel, Germany) and MRSA Chromagar (MAST Diagnostica
GmbH, Reinfeld, Germany) in duplicates. For the detection of Enterobacteriacae an undiluted
0.1 ml aliquot was taken from each sample and plated onto BrillianceTM Escherichia (E.) coli/
coliform selective agar (Oxoid) in duplicates. Plates were incubated aerobically for 48 h at
37˚C. After the first 24 h CSA plates were further incubated at 37˚C using 5% CO2. After 48 h
bacteria colonies were counted and the amount of colony forming units (CFU) was calculated
per 1 m3 air. Colonies suggestive of MRSA onMRSA Chromagar were sub-cultured and from
each sub-culture an inoculation loop of colony material was diluted in 200 μl PBS, heated for
10 min at 99˚C and stored at -20˚C until further use. MRSA was confirmed by two conven-
tional PCRs targeting themecA and the spa gene according to Strommenger et al. [24] and
Harmsen et al. [25] with minor modifications.
Amplification products were UV-analyzed on a 2% agarose gel dyed with HD Green™ Plus
(Intas Science Imaging Instruments GmbH, Goettingen, Germany). In addition, all air samples
were examined by real-time RT-PCR to detect PRRSV. RNA extraction was carried out with
the QIAamp1 RNAMini Kit (Qiagen, Hilden, Germany) as recommended by the manufac-
turer. PRRSV detection was carried out using the SuperScript III Platinum1One-Step
Air filtration, stable climate and pig performance
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Quantitative RT-PCR System (Invitrogen, Carlsbad, USA) according to Dee et al. [26] with
minor modifications. Real-time RT-PCR was performed on the Mx3000p platform (Strata-
gene, La Jolla, USA) with following cycling conditions of: 50˚C for 15 min (reverse transcrip-
tion), 95˚C for 2 min, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing at
60˚C for 30 sec. The limit of detection (95% probability) of this quantitative real-time RT-PCR
was 6 copies/μl.
Animal sampling and pig performance
Blood serum samples were taken from fifteen randomly selected pigs per barn five days after
arrival by the farm veterinarian. The study was approved by the ethics committee of the veteri-
nary faculty of the University of Leipzig. Procedures fully complied with the German Protec-
tion of Animals Act and were notified by the Landesdirektion Sachsen (reference number
TVV A09/15). Animals were ear tagged and a second blood sample was taken at the end of the
fattening period. All blood serum samples were tested for antibodies against PRRSV (ELISA),
Influenza A viruses H1N1 and H3N2 (hemagglutination inhibition assay), and Actinobacillus
pleuropneumoniae (APP; ELISA) at the Landesuntersuchungsanstalt für das Gesundheits- und
Veterinärwesen in Saxony, Dresden, Germany. At slaughter, carcasses were examined with
respect to respiratory diseases by the Schweinegesundheitsdienst (SGD) Saxony. Findings
were summarized in a scoring system [27–30] including the occurrence of pneumonia, pleu-
risy and pericarditis (Table 1). In addition, pig performance was evaluated which included the
factors average daily weight gain, mortality [31] and animal treatment [32]. The animal treat-
ment was recorded as animal treatment index (ATI) which was calculated by the following
equation: (number of animals treated x number of treatment days)/numbers of animals in the
barn [32]. Data for pig performance were obtained from inventory data and were also summa-
rized in a score system (Table 2). Animal health was monitored every second week with the
help of a checklist with particular attention to respiratory symptoms. Sneezing and coughing
was counted twice for 10 min per stable and was evaluated with a score system (Table 3).
Pathogen load inside the filters after one year in use
One year after implementation of the filter systems samples were taken from the filter matter
of barn 1 and 2 and were investigated for total aerobic germ load and the presence of PRRSV.
One prefilter and one secondary filter of each module were examined. Five samples (approxi-
mately 1 cm x 1 cm each) of each prefilter were pooled. The secondary filter was sampled
accordingly. From the filter mat in barn 2 a piece of 2 cm x 2 cm was cut out in the center of
the attic. Pooled samples of each filter were rinsed for 10 min in tryptic soy broth and the filter
material was discarded thereafter. The total bacteria amount was enumerated by the spread-
Table 1. Parameters used to score lung health at slaughter.
Parameters Score according to occurrence
0 1 2 3
Pneumonia <1% 1–10% 11–30% !30%
Pleurisy <1% 1–10% 11–30% !30%
Pericarditis <1% >1%
Maximum score 7
Lung health score modified according to Richter [29]: 0–1 = very good, 2–3 = good, 4–5 = medium, 6–7 = bad.
https://doi.org/10.1371/journal.pone.0194641.t001
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plate method as described above. In addition, RNA extraction and PRRSV quantitative real-
time RT-PCR was carried out as described above.
Statistical analyses
Statistical analysis was made with SPSS Statistic 22 (IBM Deutschland GmbH, Ehningen, Ger-
many). For comparison of the four barns regarding airborne bacteria, CO2- and NH3-concen-
tration Kruskal-Wallis-Tests were used. The significance level was p! 0.05 (two-sided). At all
points in time animal numbers varied in the four barns due to restocking at four week intervals
and successive transportation of pigs to the slaughterhouse. In order to make results compara-
ble, only data collected at a stock of"800 animals were included in the analyses.
Results
Air quality
Bacterial load in air samples. The “base line” (i.e. after cleaning and disinfection and one
day before restocking) revealed total bacteria counts of 60 cfu/m3 (barn 4) to 2x104 cfu/m3
(barn 1). Most of these “base line” values were>103 cfu/m3 (Tables 4–7). Bacterial counts con-
tinuously increased after restocking in all barns with a few exceptions (Tables 4–7). Two weeks
after the arrival of the piglets total bacteria counts were mostly higher than 105 cfu/m3. In most
barns the total amount of bacteria exceeded 106 cfu/m3 at least once during the fattening
period. Regarding the total amount of bacteria there were no significant differences (p = 0.824)
between barns with and without air filtration. The amount of airborne MRSA in the cleaned
and disinfected barns (“base line”) after cleaning and disinfection ranged from zero to 36 cfu/
m3. Within two weeks after restocking airborne MRSA increased by more than 10,000-times
(Table 6; barn 4, first fattening period). MaximumMRSA/m3 was 7.8x104 cfu (Table 7; barn 3,
second fattening period). In contrast to total airborne bacteria and MRSA, E. coli and coliform
bacteria were detected irregularly. “Base line” values were mainly zero for these bacteria with
Table 2. Pig performance index.
Parameters Score
0 1 2 3
Daily gain (g) >850 >800–850 >750–800 700–750
Mortality (%) <2 2-<3 3–4 >4
ATI <10 11–20 21–40 >40
Maximum score 9
Scoring was performed according to [28–30] and pig performance was evaluated following Richter [29]: 0 = very
good, 1–3 = good, 4–6 = medium, 7–9 = bad.
https://doi.org/10.1371/journal.pone.0194641.t002
Table 3. Index of clinical signs to evaluate lung health.
Clinical signs Score
0 2 4
Sneezing < 5% ! 5%" 30% > 30%
Coughing < 5% ! 5%" 30% > 30%
Maximum Score 8
Scoring was performed according to Richter [29] and Brauer [30] and lung health was assessed according to Richter
[29] and Dickhaus [28]: 0 = good, 2–4 = medium, 6–8 = bad.
https://doi.org/10.1371/journal.pone.0194641.t003
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the exception of samples taken before fattening period 3 in barn 1 (34 cfu of E. coli/m3, coli-
form bacteria 95 cfu/m3). Overall, coliform bacteria varied between 0 cfu/m3 and 458 cfu/m3,
and E. coli ranged from 0 cfu/m3 to 361 cfu/m3 (Tables 4–7). PRRSV was not detected in any
air sample by real-time RT-PCR.
Total dust concentration. Dust concentration was measured on two randomly chosen
spots per barn. The total dust concentration ranged from 0.059 to 0.242 mg/m3 (barn 1), 0.021
to 0.643 mg/m3 (barn 2), 0.058 to 0.243 mg/m3 (barn 3), and 0.051 to 0.226 mg/m3 (barn 4),
respectively (Tables 4–7). On average, barn 4 with recirculating air filtration revealed the low-
est total dust concentration (0.12 mg/m3). Barn 2 (supply air filter attic) and barn 1 (supply air
filter modules) achieved a mean total dust concentration of 0.14 mg/m3. The control (barn 3)
revealed a similar result (0.13 mg/m3).
CO2- and NH3-concentration. According to the statutory requirements regarding pig
husbandry conditions in Germany the critical value of CO2 is set at 3,000 ppm [33]. Most com-
mon, the level of CO2 was less than the critical value, depending on the ventilation flow rate
and outdoor temperature (S2–S5 Tables). During the first fatting period CO2 was measured
with a handheld Testo 535 device. Most values exceeding the critical value were determined
with this handheld device. Overall, the concentration varied between 1,130 ppm (during
Table 4. Airborne bacteria and dust concentration in barn 1 equipped with supply air filter modules.










E. coli (cfu/m3 ± SD)
1 Summer 0 0 na 0.002 ± 0.001 178 ± 59 22 ± 54 0 0
2 952 16,688 ± 745 0.059 ± 0,017 142,833 ± 77,176 9,765 ± 6,608 4 ± 7 1 ± 3
4 951 17,682 ± 1,102 0.072 ± 0.018 314,833 ± 74,593 17,300 ± 9,496 1 ± 3 30 ± 63
Autumn 6 945 20,911 ± 3,792 0.127 ± 0.036 492,667 ± 209,658 26,100 ± 7,395 0 0
8 941 16,937 ± 1,102 0.160 ± 0.110 870,667 ± 407,847 52,700 ± 33,547 0 1 ± 3
10 939 16,937 ± 1,102 0.200 ± 0.098 951,167 ± 352,255 44,517 ± 17,049 2 ± 5 12 ± 29
12 876 15,073 ± 9,605 0.135 ± 0.033 1,592,833 ± 516,713 31,457 ± 15,888 0 0
2 Winter 0 0 na 0.043± 0.006 789 ± 342 6 ± 8 0 0
2 na na na na na na na
4 945 15,620 ± 754 0.172 ± 0.071 693,500 ± 96,874 33,100 ± 31,961 0 6 ± 9
6 944 18,303 ± 641 0.189 ± 0.055 706,000 ± 397,394 19,700 ± 9,758 0 0
8 940 17,309 ± 1,183 0.135 ± 0.035 847,000 ± 206,062 17,910 ± 6,883 48 ± 107 18 ± 28
10 938 18,303 ± 849 0.242 ± 0.143 1,528,333 ± 670,861 27,000 ± 17,164 2 ± 4 8 ± 12
12 802 13,831 ± 625 0.184 ± 0.011 1,242,667 ± 894,841 4,527 ± 2,590 27 ± 50 27 ± 42
3 Spring 0 0 na 0.009 ± 0 19,906 ± 48,543 2 ± 4 95 ± 233 34 ± 84
2 956 12,838 ± 1,463 0.181 ± 0.074 221,000 ± 65,097 11,030 ± 8,228 2 ± 5 9 ± 23
4 952 19,794 ± 1,924 0.114 ± 0.034 183,333 ± 78,237 10,048 ± 6,838 2 ± 4 5 ± 12
6 951 15,322 ± 811 0.188 ± 0.008 800,000 ± 451,541 17,100 ± 6,492 0 3 ± 8
8 943 32,712 ± 248 0.072 ± 0.023 2,029,500 ± 1,726,851 59,900 ± 56,756 6 ± 7 24 ± 58
10 938 26,750 ± 1,307 0.071 ± 0.021 1,049,333 ± 545,611 25,485 ± 11,231 2 ± 5 9 ± 8
Summer 12 895 36,190 ± 1,307 0.092 ± 0.073 2,073,500 ± 1,949,409 18,993 ± 14,426 2 ± 5 10 ± 24
Measurements were taken at two week intervals and sampling was performed between 9 a.m. and 12 p.m.. The ventilation flow rates represent the mean ± standard
deviation (SD) of ventilation data recorded during sampling time. Total dust values (mean ± SD) were calculated from data collected by the DustTrak™ DRX Aerosol
Monitor over 10 min at two sampling points. Total dust comprises particles!1 μm,!2.5 μm, respirable particles, and!10 μm. The amount of total bacteria, MRSA,
coliform bacteria, and E. coli represents the arithmetic mean ± SD of measurements done at six sampling points. Seasons were defined according to the astronomical
calendar: spring (21st March to 20th June), summer (21st June to 22nd September), autumn (23rd September to 21st December), winter (22nd December to 20th March).
FP—fattening period; na—data not available
https://doi.org/10.1371/journal.pone.0194641.t004
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summer) and 4,363 ppm (during autumn). The latter value corresponded with the lowest out-
door temperature of 1.4˚C. Among all barns, barn 2 revealed the highest CO2-concentration
especially in autumn and winter of the second fattening period. CO2-concentration did not
differ between barns with and without filtration (p = 0.296). Ammonia was measured every
two weeks also using a handheld device. According to the German Tierschutz-Nutztierhal-
tungsverordnung [33], the threshold limit value for ammonia is set at 20 ppm. The concentra-
tions measured during our study period ranged from 8.65 ppm to 31.62 ppm (S2–S5 Tables).
Highest values were reported during autumn and winter and were generally highest
(25.96 ppm) in barn 2 with the filter attic. The lowest concentrations of ammonia were seen in
barn 4 with the recirculating air filtration (17.37 ppm on average). However, there were no sig-
nificant differences of ammonia concentration when comparing filtered and non-filtered
barns (p = 0.184).
Temperature and relative humidity. Indoor temperature varied from 22.7˚C to 31.7˚C
with a mean of 25.0˚C. The outdoor temperature ranged from 1.4˚C to 29.4˚C during data col-
lection at the facility. Relative humidity indoors varied from 62% to 80% (S2–S5 Tables) but
mostly averaged between 67% and 75%. There were no obvious differences between the
Table 5. Airborne bacteria and dust concentration in barn 2 equipped with a supply air filter attic.










E. coli (cfu/m3 ± SD)
1 Summer 0 0 na 0.003 ± 0.004 207 ± 98 3 ± 7 0 0
2 954 34,978 ± 4,330 0.021 ± 0.004 29,419 ± 14,297 4,188 ± 2,809 0 0
4 952 38,383 ± 1,589 0.043 ± 0.019 179,167 ± 133,333 10,158 ± 6,630 0 4 ± 10
6 945 18,176 ± 1,251 0.140 ± 0.052 551,667 ± 197,526 66,517 ± 48,101 0 4 ± 5
8 934 25,214 ± 936 0.105 ± 0.064 824,500 ± 285,868 43,050 ± 23,448 3 ± 4 3 ± 4
Autumn 10 928 24,397 ± 4,395 0.142 ± 0.064 833,833 ±317,363 30,650 ± 12,225 1 ± 3 0
12 912 21,581 ± 3,176 0.131 ± 0.064 2,296,500 ± 4,166,893 39,250 ± 24,197 0 125 ± 306
2 Autumn 0 0 na na na na na na
2 960 15,542 ± 1,854 0.162 ± 0.001 351,500 ± 163,342 45,600 ± 32,810 0 0
4 954 15,315 ± 1,529 0.643 ± 0.689 620,500 ± 471,640 26,235 ±30,498 47 ± 66 12 ± 16
6 na na na na na na n.a
Winter 8 945 16,450 ± 1,304 0.099 ± 0.01 1,047,500 ± 17,678 29,450 ± 4,596 18 ± 9 6 ± 9
10 942 19,856 ± 945 0.216 ± 0.047 1,385,000 ± 63,640 20,650 ± 14,354 0 0
12 891 18,039 ± 1,979 0.083 ± 0.039 1,153,667 ± 658,242 17,983 ± 12,706 2 ± 5 2 ± 5
3 Spring 0 0 na 0.145 ± 0.002 786 ± 1,111 6 ± 10 0 0
2 944 15,996 ± 642 0.241 ± 0.217 291,000 ± 46,463 10,932 ± 6,638 2 ± 5 0
4 942 18,721 ± 435 0.073 ± 0.004 4,364,667 ± 9,669,106 29,050 ± 16,342 3 ± 8 16 ± 38
6 939 20,083 ± 1,940 0.084 ± 0.01 880,833 ± 550,363 15,745 ± 13,037 30 ± 73 0
8 936 26,440 ± 3,327 0.059 ± 0.013 646,333 ± 315,909 6,153 ± 3,034 0 2 ± 4
10 933 19,629 ± 642 0.146 ± 0.079 1,513,833 ± 891,356 14,992 ± 19,999 4 ± 6 17 ± 15
12 847 36,431 ± 0 0.082 ± 0.032 1,128,167 ± 353,883 7,878 ± 5,549 13 ± 17 43 ± 44
Measurements were taken at two week intervals and sampling was performed between 9 a.m. and 12 p.m.. The ventilation flow rates represent the mean ± standard
deviation (SD) of ventilation data recorded during sampling time. Total dust values (mean ± SD) were calculated from data collected by the DustTrak™ DRX Aerosol
Monitor over 10 min at two sampling points. Total dust comprises particles!1 μm,!2.5 μm, respirable particles, and!10 μm. The amount of total bacteria, MRSA,
coliform bacteria, and E. coli represents the arithmetic mean ± SD of measurements done at six sampling points. Seasons were defined according to the astronomical
calendar: spring (21st March to 20th June), summer (21st June to 22nd September), autumn (23rd September to 21st December), winter (22nd December to 20th March).
FP—fattening period; na—data not available
https://doi.org/10.1371/journal.pone.0194641.t005
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filtered and non-filtered barns. Unfortunately, measurements of the relative humidity were
unfeasible during the first fattening period in all barns and also during half of fattening period
2 in barn 2.
Animal health and pig performance
The results obtained are presented in Table 8 (for pig performance scores see Table 2). There
was no difference in daily weight gain and ATI, which were continuously defined by a score of
0 (i.e. very good). In contrast, the mortality varied during the different fattening periods and
between barns and mostly influenced pig performance. The lowest mortality rate (2% on aver-
age) was recorded in animals reared in barn 1 with the supply air filter module. In all barns
deceased animals predominantly revealed intestinal disorders. Nevertheless, pig performance
in all barns was evaluated as very good to good (i.e. score 0–3). Referring to the index of respi-
ratory signs (i.e. the amount auf sneezing and coughing) animals from barn 4 (with recirculat-
ing air filtration) revealed good lung health during two of the three fattening periods and
medium lung health in the third period. Animals from barn 1–3 (Table 9) showed good lung
Table 6. Airborne bacteria and dust concentration in barn 4 equipped with recirculating air filtration modules.










E. coli (cfu/m3 ± SD)
1 Autumn 0 0 na 0.101 ± 0.01 1,584 ± 3,192 0 0 0
2 960 12,976! 0.158 ± 0.025 197,000 ±37,942 14,710 ± 10,248 4 ± 6 6 ± 14
4 960 17,707 ± 1,745 0.073 ± 0.025 239,283 ± 115,440 10,217 ± 3,948 12 ± 20 8 ± 10
6 944 17,594 ± 999 0.132 ± 0.023 1,110,167 ± 662,986 29,495 ±12,723 0 10 ± 19
8 943 17,144 ± 1,489 0.280 ± 0.084 1,676,667 ± 504050 50,600 ± 27,853 29 ± 60 21 ± 51
10 na na na na na na na
Winter 12 832 16,581 ± 1,185 0.183 ± 0.06 2,071,667 ± 3,014,239 32,000 ± 23,064 6 ± 7 0
2 Winter 0 0 na 0.041 ± 0.013 8,022 ± 16,172 35 ± 53 0 0
2 939 14,553 ± 863 0.095 ± 0.034 1,293,500 ± 750,001 53,100 ± 20,631 292 ± 638 361 ± 688
4 934 20,185! 0.209 ± 0.076 365,167 ± 180,770 27,150 ± 11,916 7 ± 8 7 ± 16
Spring 6 931 16,806 ± 260 0.112 ± 0.018 336,333 ± 174,240 11,637 ± 4,948 5 ± 13 0
8 928 24,917 ± 1,073 0.226 ± 0.085 609,500 ± 534,188 21,683 ± 10,912 8 ± 13 0
10 926 17,707 ± 1,192 0.188 ± 0.057 888,833 ± 384,566 19,383 ±14,055 0 2 ± 4
12 832 20,321 ± 3,848 0.135 ± 0.008 846,667 ± 440,503 9,290 ± 8,267 0 2 ± 4
3 Spring 0 0 na 0.076 ± 0.003 60 ± 16 0 0 0
2 956 18,969 ± 1,185 0.054 ± 0.006 120,067 ± 68,951 4,128 ± 2,290 6 ± 6 4 ± 6
Summer 4 950 24,917± 2,341 0.089 ± 0.042 477,250 ± 460,130 2,330 ± 16,594 83 ± 2 0
6 948 40,012 ± 0 0.051 ± 0.019 257,000 ± 183,715 17,620 ± 12,952 0 0
8 942 36,633 ± 1,352 0.068 ± 0.004 650,000 ± 248,988 46,210 ± 64,956 10 ± 24 0
10 931 26,854 ± 2,506 0.051 ± 0.018 690,667 ± 460,752 32,400 ± 18,463 0 10 ± 13
12 916 35,416 ± 225 0.061 ± 0.018 2,034,667 ± 2,022,235 28,625 ± 31,062 0 13 ± 16
Measurements were taken at two week intervals and sampling was performed between 9 a.m. and 12 p.m.. The ventilation flow rates represent the mean ± standard
deviation (SD) of ventilation data recorded during sampling time. Total dust values (mean ± SD) were calculated from data collected by the DustTrak™ DRX Aerosol
Monitor over 10 min at two sampling points. Total dust comprises particles"1 μm,"2.5 μm, respirable particles, and"10 μm. The amount of total bacteria, MRSA,
coliform bacteria, and E. coli represents the arithmetic mean ± SD of measurements done at six sampling points. Seasons were defined according to the astronomical
calendar: spring (21st March to 20th June), summer (21st June to 22nd September), autumn (23rd September to 21st December), winter (22nd December to 20th March).
FP—fattening period; na—data not available
!data logging over time by the computer system failed and the given value represents a single value taken directly from the control panel in front of the barn
https://doi.org/10.1371/journal.pone.0194641.t006
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health in the first fattening period and medium lung health in the remaining two fattening
periods.
Table 7. Airborne bacteria and dust concentration in barn 3 without air filtration.










E. coli (cfu/m3 ± SD)
1 Autumn 0 0 na 0.019 ± 0.01 1,357 ± 1,133 36 ± 56 0 0
2 943 22,145 ± 1,398 0.117 ± 0.039 52,750 ± 26,505 4,347 ± 2,318 6 ± 7 0
4 940 16,644 ± 889 0.136 ± 0.014 248,383 ± 161,838 12,538 ± 12,890 1 ± 3 0
6 938 24,433! 0.242 ± 0.126 963,000 ± 681,964 37,533 ± 35,775 0 8 ± 14
8 931 25,309 ± 1,838 0.122 ± 0.021 854,500 ± 276,755 23,283 ± 8,609 130 ± 308 52 ± 95
10 916 23,119 ± 2,677 0.174 ± 0.055 1,443,667 ± 625,724 47,217 ± 19,015 2 ± 5 0
12 861 16,888 ± 1,159 0.243 ± 0.078 2,555,000 ± 702,446 51,400 ± 24,626 19 ± 28 13 ±21
2 Winter 0 0 na 0.025 ± 0.004 1,535 ± 665 36 ± 35 0 0
2 941 17,374 ± 487 0.130 ± 0.011 397,500 ± 323,539 65,333 ± 27,735 2 ± 4 12 ± 19
4 936 15,573 ± 243 0.158 ± 0.103 363,333 ± 112,708 37,117 ± 14,687 5 ± 8 0
6 928 15,330 ± 466 0.135 ± 0.018 1,032,000 ± 410,100 77,550 ± 21,642 35 ± 81 9 ± 12
8 926 15,671! 0.119 ± 0.002 829,833 ± 388,189 48,333 ± 34,678 0 2 ± 5
Spring 10 924 17,277 ± 613 0.140 ± 0.002 706,400 ± 501,855 20,475 ± 10,978 4 ± 9 0
12 894 27,597 ± 1,225 0.208 ± 0.052 990,333 ± 470,590 33,752 ± 21,722 3 ± 8 0
3 Spring 0 600# na 0.121 ± 0.05 8,500 ± 6,907 58 ± 70 2 ± 5 0
2 953 15,305 ± 466 0.123 ± 0.045 351,900 ± 428,667 30,020 ± 53,118 7 ± 13 78 ± 181
4 950 25,285 ± 1,004 0.093 ± 0.01 164,383 ± 111,485 17,435 ± 16,423 196 ± 476 0
6 948 26,624 ± 1,288 0.093 ± 0.049 393,833 ± 240,655 36,467 ± 28,869 60 ± 142 8 ± 6
Summer 8 945 31,492 ± 3,192 0.081 ±0 748,333 ± 352,408 30,317 ± 14,559 2 ± 5 2 ± 5
10 938 40,985 ± 0 0.058 ± 0.004 323,833 ± 105,511 11,232 ± 7,263 83 ± 2 0
12 932 39,037 ± 0 0.086 ± 0.008 993,667 ± 981,515 8,887 ± 4,115 458 ± 1123 79 ± 194
Measurements were taken at two week intervals and sampling was performed between 9 a.m. and 12 p.m.. The ventilation flow rates represent the mean ± standard
deviation (SD) of ventilation data recorded during sampling time. Total dust values (mean ± SD) were calculated from data collected by the DustTrak™ DRX Aerosol
Monitor over 10 min at two sampling points. Total dust comprises particles"1 μm,"2.5 μm, respirable particles, and"10 μm. The amount of total bacteria, MRSA,
coliform bacteria, and E. coli represents the arithmetic mean ± SD of measurements done at six sampling points. Seasons were defined according to the astronomical
calendar: spring (21st March to 20th June), summer (21st June to 22nd September), autumn (23rd September to 21st December), winter (22nd December to 20th March).
FP—fattening period; na—data not available
!data logging over time by the computer system failed and the given value represents a single value taken directly from the control panel in front of the barn
#due to organizational reasons sampling at the abandoned barn was not possible
https://doi.org/10.1371/journal.pone.0194641.t007
Table 8. Pig performance parameters obtained from three consecutive fattening periods.
Performance Barn 1: Supply air filter modules Barn 2: Supply air filter attic Barn 4: Recirculating air filtration
modules
Barn 3: Without filtration
1. FP 2. FP 3. FP 1. FP 2. FP 3. FP 1. FP 2. FP 3. FP 1. FP 2. FP 3. FP
value S value S value S value S value S value S value S value S value S value S value S value S
Daily gain (g) 916 0 922 0 921 0 951 0 976 0 885 0 960 0 900 0 930 0 965 0 944 0 923 0
Mortality (%) 1.5 0 2.1 1 2.4 1 4.5 3 1.98 0 3.4 2 3.5 2 1.9 0 4.4 3 3.3 2 1.98 0 3.5 2
ATI 7.1 0 0.1 0 0 0 0.2 0 0.3 0 7.5 0 7.0 0 7.1 0 0 0 8.1 0 0.1 0 0.1 0
Total score 0 1 1 3 0 2 2 0 3 2 0 2
Evaluation of pig performance according to Richter [29]: 0 = very good, 1–3 = good, 4–6 = medium, 7–9 = bad; FP—fattening period; S—score
https://doi.org/10.1371/journal.pone.0194641.t008
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Seroprevalence. Fifteen animals of each barn were sampled twice for the detection of anti-
bodies. Up to 100% of the test candidates were antibody-positive against Influenza A viruses
(H1N1/H2N3) at the arrival at the fattening piggery during all fattening periods (Figs 5 and 6).
In most cases, seroprevalence was identical at the time of arrival and at the time of transport to
the slaughter house. PRRSV antibody-positive animals were detected only at the end of the sec-
ond fattening period in every barn except barn 3 (Fig 7). Antibodies against APP were found
in animals from all barns except barn 4 (recirculating air filtration) with up to 100% positive
samples mainly at the end of the fattening periods (Fig 8).
Evaluation of carcasses at the slaughter house. The findings documented at the slaugh-
ter house are summarized in Table 10 with emphasis on lung health. Animals of barn 4 (recir-
culating air filtration) overall revealed best results (i.e. a mean score of 2.0). In each barn
animal lung health varied between fattening periods. Noticeably in barn 2 with a bad lung
health in the first fattening period compared to a very good and medium score in period 2 and
3, respectively.
Table 9. Respiratory health in pigs kept in barns with and without air filtration.
Clinical signs Barn 1: Supply air filter modules Barn 2: Supply air filter attic Barn 4: Recirculating air filtration
modules
Barn 3: Without filtration
1. FP 2. FP 3. FP 1. FP 2. FP 3. FP 1. FP 2. FP 3. FP 1. FP 2. FP 3. FP
OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S
Sneezing (%) 2.5 0 6.2 2 5.4 2 1.5 0 6.2 2 5.0 2 4.6 0 3.9 0 5.8 2 3.5 0 5.2 2 5.1 2
Coughing (%) 0.1 0 0.1 0 0.3 0 1.3 0 1.2 0 1.0 0 0.2 0 0.1 0 0.1 0 0.2 0 0.2 0 0.5 0
Total score 0 2 2 0 2 2 0 0 2 0 2 2
Assessment of lung health according to Richter [29] and Dickhaus [28]: 0 = good, 2–4 = medium, 6–8 = bad; FP—fattening period; OCC—occurrence; S—score
https://doi.org/10.1371/journal.pone.0194641.t009
Fig 5. Prevalence of antibodies against H1N1 virus in pigs kept with and without air filtration.
https://doi.org/10.1371/journal.pone.0194641.g005
Air filtration, stable climate and pig performance
PLOSONE | https://doi.org/10.1371/journal.pone.0194641 March 20, 2018 13 / 21
47
Veröffentlichungen
Pathogen load inside the filter after one year in use
Prefilters (supply air modules of barn 1) harbored 9x102 cfu/ml to 2x103 cfu/ml. The secondary
filters revealed 2x101 cfu/ml to 8x101 cfu/ml. In the filter matter samples of barn 2 1x102 cfu/
Fig 6. Prevalence of antibodies against H3N2 virus in pigs kept with and without air filtration.
https://doi.org/10.1371/journal.pone.0194641.g006
Fig 7. Prevalence of antibodies against PRRSV in pigs kept with and without air filtration.
https://doi.org/10.1371/journal.pone.0194641.g007
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ml to 2x102 cfu/ml were found. The germ spectrum included molds and environmental bacte-
ria including aerobic spore-forming Gram-positive species.
Discussion
We evaluated the impact of three different mechanical air filtrations systems on air quality,
animal health and animal performance in comparison to a non-filtered control.This study was
conducted in a commercial pig fattening facility over a period of 13 months in order to take
possible seasonal variations into account. All air filtration systems were compatible with the
already existing ventilation system and easy to handle for the farmer.
Particulates in the air of livestock buildings include a small proportion carried in by the
fresh air supply but most of the larger particles and airborne microorganisms originate from
inside the buildings [34]. Airborne microorganisms in animal settings have been shown to be
Fig 8. Prevalence of antibodies against APP in animals kept with and without air filtration.
https://doi.org/10.1371/journal.pone.0194641.g008
Table 10. Results of carcass evaluation obtained at slaughter.
Lung parameters Barn 1: Supply air filter modules Barn 2: Supply air filter attic Barn 4: Recirculating air
filtration modules
Barn 3: Without filtration
1. FP 2. FP 3. FP 1. FP 2. FP 3. FP 1. FP 2. FP 3. FP 1. FP 2. FP 3. FP
OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S OCC S
Pneumonia 1.5% 1 11.7% 2 20.9% 2 17.9% 2 0.2% 0 12.2% 2 0.2% 0 2.1% 1 1.9% 1 8.4% 1 7.5% 1 0.9% 0
Pleurisy 13.2% 2 14.7% 2 21.0% 2 30.7% 3 0.9% 0 9.1% 1 0.7% 0 3.4% 1 5.3% 1 16.4% 2 2.2% 1 23.3% 2
Pericarditis 0.7% 0 1.6% 1 8.0% 1 3.2% 1 1.4% 1 10.7% 1 0.5% 0 1.9% 1 3.7% 1 1.4% 1 2.1% 1 1.3% 1
Total 3 5 5 6 1 4 0 3 3 4 3 3
Mean 4.3 (medium) 4.0 (medium) 2.0 (good) 3.3 (good)
FP—fattening period; OCC—occurrence; S–score; 0–1 = very good, 2–3 = good, 4–5 = medium, 6–7 = bad.
https://doi.org/10.1371/journal.pone.0194641.t010
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associated with skin, mucous membranes, hair, feathers, and feces and approximately 60% of
these microorganisms originate from animal sources [35]. The total amount of airborne bacte-
ria measured in all barns was within the range of other studies [11,35–39]. There were no sig-
nificant differences (p = 0.824) between barns with and without air filtration. The
concentration of airborne MRSA was approximately tenfold higher compared to other investi-
gations [11,18,40], which might be due to the different sampling devices, i.e. wet cyclone tech-
nique in our study and AGI 30 impinger used by the others. Moreover, we sampled a tenfold
higher total air volume. Enterobacteriaceae were intermittently detected which is in concor-
dance to other studies [36,41]. The maximum level of total airborne E. coli (361 cfu/m3) was
higher than reported by Yuan et al. [42] but much less than levels found by others [41,43].
Generally, the presence of bedding has been linked to the level of airborne E. coli [44], however
pigs in our study were housed on fully slatted floor and litter was also not applied in the pig
farms investigated by von Salviati et al. [41]. Lau et al. [10] reported that total bacterial counts
were significantly reduced by two different recirculating air filtration systems, a fabric filter
system composed of two prefilters and a high efficiency particulate air (HEPA) filter and
another filtration system consisting of a prefilter and an electrostatic precipitator. Removal
efficiencies were 10–50% (fabric filter system) and 20–52% (electrostatic precipitator) with the
latter system being more effective throughout the year. Similar results were demonstrated by
Carpenter and Fryer [15]. However, a reduction of airborne bacteria by recirculating air filtra-
tion was not supported by our results.
Airborne dust can cause serious health problems for animals and humans [45]. Its composi-
tion is mainly determined by its different sources like animals, manure, litter, and feed [16].
Particles of different kind are classified according to their ability to penetrate the respiratory
system. At an aerodynamic diameter of!5 μm (respirable particles) particles as well as associ-
ated hazards are deposited deep into the lungs [16,46]. Over three consecutive fattening peri-
ods total airborne dust ranged on average from 0.12–0.14 mg/m3. Most of the single
measurements were<0.3 mg/m3 and only one value exceeded 0.6 mg/m3 whereas other stud-
ies reported total dust values of"1–8.2 mg/m3 [35,38,43,47]. This may be attributed to the
short sampling time of 10 min at two-week intervals in our study compared to the others.
Some authors affirm that the feeding system greatly affected dust levels in piggeries [46,48]
with the lowest values associated with wet feeding as applied in our test facility. The fully slat-
ted floor without litter in our piggery also contributed to lower dust formation. Ventilation
rate and air filtration have also been described to enhance air quality in livestock housings.
Recirculating ventilation combined with dust filtration using a pocket-filter-type air pollution
control device (Shaker Dust Collector) was able to minimize respirable dust concentration by
41% in a swine farrowing room determined by gravimetric measurements [49]. Another study
demonstrated a significant average reduction of 40% using air filtration and recirculating air
filtration by a coarse prefilter and a fine final filter in weaner rooms [9]. Lau et al. [10] showed
that room dust levels efficiently decreased by 18–64% (fabric filter system) and 20–66% (elec-
trostatic precipitator) due to recirculating air filtration. These data are not affirmed by our
results obtained in two of the three fattening periods. However, airborne dust concentration
was lowest (i.e. 0.063 mg/m3) in barn 4 with recirculating air filtration in the third fattening
period compared to all other measures carried out over the entire study which indicates a cer-
tain influence of this air filtration system. However, a comparable effect on airborne bacteria
was not found.
Dust concentration in livestock building was related to deposition rates, ventilation, air
recirculation flow rate, size, and number of air filtration inlets and outlets, and humidity
[10,15]. Under certain conditions, filtered air was shown to be at least as clean as fresh supply
air [15]. Our study with four recirculating air filter modules in barn 4 may not have been
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sufficient to constantly achieve a significant reduction of dust. Moreover, it has been suggested
that dust sedimentation largely contributes to reduction of dust from the air and may even be
more efficient than expected. Dust clearance by sedimentation is also enhanced through the
voids of mesh and slatted floors [15]. These authors concluded that air filtration by dry filters
is a feasible method for reducing dust mass and airborne bacteria in a small room like a flat-
deck for early weaners. The main difference between these studies [8–10,15,49] and our study
is the size of the barn and the number of animals, the latter mainly contributing to the amount
of airborne dust and bacteria. There is no threshold for dust in pig husbandry in Germany but
health related dust limits have been suggested for swine health [50]. Our dust values were
below the recommended threshold of 3.7 mg/m3 for total dust and most values (74/80) were
also below 0.23 mg/m3 the threshold for respirable particles [50].
Aerial pollutants can distinctly influence animal health, particularly respiratory health.
Hence, reduction of these pollutants would improve air quality, animal health and productiv-
ity. The effect of air filtration on pig productivity has been evaluated inconsistently and varied
from enhanced productivity in large sow herds [7] and earlier marketable state in fattening
pigs [8,10] to no positive effects on performance of the pigs [9]. These contradictory results
might be a consequence of different management regimes, ventilation systems and various
influential factors, which make results difficult to interpret [51]. Regarding pig performance
parameters there were only minor differences between the four barns in the study at hand.
Noticeably, mortality was lower in barn 1 compared to the other barns. Overall, mortality was
predominantly due to non-lung related conditions. Respiratory health was best in animals
from barn 4 with recirculating air filtration as evidenced by less sneezing and coughing which
was supported by the findings at slaughter (Table 10). This is in concordance to others who
found improved pig lung health demonstrated by reduction in lung and snout scores [10].
Barn 4 equipped with four recirculating air filter modules revealed the lowest mean dust con-
centration. Hence, although these differences were not significant our findings indicate a posi-
tive effect of recirculating air filtration on animal lung health. Concentrations of CO2 and NH3
as well as RH did not differ between barns and could be regarded as ancillary with regard to
air quality improvement using air filtration.
The risk of airborne disease transmission will directly be reduced by reducing the number
of airborne particles [52]. Regarding within-unit transmission, air filtration combined with
positive pressure ventilation has been shown to reduce aerosols [8] and filtration of supply air
efficiently reduced PRRSV infection in breeding pig herds [53]. Therefore, pigs were investi-
gated for antibodies against Influenza A viruses, PRRSV, and APP as relevant infectious air-
borne pathogens [51]. Antibodies against all pathogens were detected but prevalence varied
between barns and fattening periods with the exception of Influenza A viruses. The majority of
pigs had contact to these viruses prior to stocking (Figs 5 and 6). PRRSV-antibodies were
found only at the end of the second fattening period with the highest prevalence in those barns
equipped with supply air filtration whereas animals of barn 3 (without any filtration) were neg-
ative. Most probably animals had contact to PRRSV just before stocking and the samples that
were taken a few days after stocking were still antibody-negative, or the virus was later inadver-
tently introduced. No PRRSV was detected in any air sample by real-time RT-PCR possibly
because there was no virus in the air at the time of sampling or the number of viral particles
was below the detection limit of the PCR. Regarding antibodies against APP, barn 4 had no
antibody-positive animals over the whole study period. Pigs from barn 1 were positive in all
three fattening periods and seropositive animals were also detected in barn 2 (third fattening
period) and 3 (first and third fattening period). Antibodies were mainly detected at the end of
the respective fattening period as has also been noticed for PRRSV-antibodies and similar
explanations might be suggested.
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The present study reflects the situation at a commercial fattening piggery which cannot be
regarded as equivalent to an experimental test facility. Staff at our test facility must not change
clothes between the four barns which may facilitate carryover of diseases and can be seen as a
main weakness of this study. Moreover, employees are allowed to enter these barns without
showering even if they have been at the piglet rearing unit before which also may have contrib-
uted to disease transmission between facilities. Due to work routine this regime could not be
changed during our short term project. Furthermore, the unknown health status of piglets at
stocking can be regarded as another unpredictable risk factor limiting the outcome of our
study. Nevertheless, we demonstrated that supply air filtration as well as recirculating air filtra-
tion technique can easily be implemented in an already existing ventilation system and recir-
culating air filtration positively affects animal lung health. This effect might be enhanced by a
combined UVC-light decontamination and recirculating air filtration module. A more promi-
nent effect might have been obtained in a breeding facility because of the longer life span of
sows and a higher biosecurity level with air filtration as an add-on measure. In addition we
could show that accumulation or multiplication of microorganisms inside the filter materials
does not occur suggesting that there is no need to implement inactivation procedures for
filters.
Conclusion
In conclusion, recirculating air filtration resulted in enhanced lung health compared to supply
air-filtered and non-filtered barns although we were not able to demonstrate a significant
reduction of dust levels and airborne bacteria. In contrast to experimental studies, our study in
the field was not able to demonstrate that supply air filtration reduces the risk of introducing
airborne transmitted pathogens to animal housings.
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4* * Diskussion" *
In!Deutschland! ist! der! Einsatz! von! Zuluftfiltration! in! der! Schweinehaltung!bisher! kein!weit!
verbreitetes! Verfahren,! obwohl! amerikanische! Studien! den! Schutz! vor! der! Übertragung!
aerogen! getragener! Pathogene! durch! die! Filtration! der! Zuluft! demonstrieren! konnten!
(ALONSO! et! al.! 2013,! DEE! et! al.! 2012,! PITKIN! et! al.! 2009).! Im! Rahmen! meiner!
Untersuchungen! wurden! zunächst! unter! Laborbedingungen! vier! verschiedene!
Filterprototypen! in! einem! Filterprüfstand! hinsichtlich! ihres! Abscheidegrades! gegenüber!
verschiedenen! in! der! Schweinehaltung! bedeutsamen! Erregern! geprüft! und! verglichen.! Die!
beiden! Filterprototypen! mit! der! durchschnittlich! besten! Abscheiderate! gegenüber! den!
verwendeten!Pathogenen!wurden! in! einen!Schweinemastbetrieb!eingebaut!und!über! eine!
Praxisphase! von! 13! Monaten! (drei! Mastperioden)! hinsichtlich! ihres! Einflusses! auf! die!
Luftqualität,!Tiergesundheit!und!Tierleistung!geprüft.!Verglichen!wurden!die!Parameter!mit!
den! Daten,! die! in! einem! baugleichen! Stall! ohne! Luftfiltration! erhoben! wurden.! Darüber!
hinaus!wurde!ein!weiterer!Stall!mit!vier!Modulen!für!Umluftfiltration!ausgestattet.!Auch!hier!
wurden! die! gleichen! Parameter! zur! Beurteilung! der! Stallluftqualität,! Tiergesundheit! und!
Tierleistung!evaluiert.!
Die!unter!Laborbedingungen!getesteten!Filterprototypen!1!und!2!sind!sowohl!für!ÜberA!als!
auch! Unterdrucklüftungssysteme! geeignet.! Sie! bestehen! beide! aus! einem! FeinstaubA
Hauptfilter!(EU!F9,!MERV!16)!mit!einem!jeweils!vorgeschalteten!GrobstaubAVorfilter!(EU!G4,!
MERV! 6A8).! Dennoch! unterscheiden! sie! sich! hinsichtlich! Vorfiltermaterial! und! Aufbau! des!
Filters.! Filter! 3! (EU! M6)! und! 4! (EU! F8A9)! unterschieden! sich! ebenfalls! hinsichtlich! des!
Filtermaterials,! der! ! Adicke! und! des! Grundgewichts! und! sind! hingegen! nur! für!
Unterdrucklüftungen! einsetzbar.! Unter! Laborbedingungen! wurde! die! Abscheiderate! der!
Filterprototypen!mit!Reinkulturen!ausgewählter!Bakterien!und!Viren!getestet.!Folglich!waren!
Störfaktoren! wie! hohe! Staubkonzentrationen! oder! eine! hohe! relative! Luftfeuchte!
ausgeschlossen.! Diese! und!weitere! Umwelteinflüsse! haben! im! Praxismodell! einen! Einfluss!
auf! die! Filterleistung! bzw.! die! sogenannte! Standzeit.! Die! Verwendung! eines! Vorfilters!
steigert! die! Nutzungszeit! des! Hauptfilters! und!minimiert! folglich! die! Investitionskosten.! In!




Nutzungsleistung! und! –zeit! führen,! sodass! von! weiteren! Untersuchung! mit! diesem! Filter!
abgesehen!wurde.!!
Im! Allgemeinen! erzielte! Prototyp! 4! die! höchsten! Abscheideraten! mit! Ausnahme! der!





ähnliche! Abscheiderate! erwarten! lässt.! Dies! wurde! in! Versuchen! mit! dem! Prototyp! 1!
bestätigt,! jedoch! nicht! unter! Verwendung! des! Prototyp! 4.! Die! fünf! einzelnen! PRRSVA
Versuche! unterschieden! sich! nur! marginal,! sodass! Fehler! während! der!
Versuchsdurchführung! ausgeschlossen! werden! konnten.! Die! EAVA! und! PRRSVAMessreihen!
wurden! mit! einem! Zeitunterschied! von! fünf! Monaten! durchgeführt,! sodass! verschiedene!
Chargen! des! Prototyps! 4! genutzt! wurden.! Die! Bezugsquelle! des! Filtermaterials! hat! einen!
Einfluss! auf! die! Filterleistung! (DEE! 2008).! Aus! diesem! Grund! können! geringgradige!
Produktionsunterschiede! nicht! ausgeschlossen! werden! und! eine! Ursache! für! die!
unterschiedlichen!Ergebnisse!darstellen.!
MRSA! spielen! in! der! Schweineproduktion! eine! wichtige! Rolle.! Daher! wurde! S.- aureus- zur!
Prüfung! der! Filter! im! Labormaßstab! ausgewählt.! Im! Filterprüfstand! konnte! je! nach!
verwendetem!Filter!eine!Abscheiderate!von!98,6!%!(Prototyp!1)!bis!zu!99,97!%!(Prototyp!4)!
nachgewiesen! werden.! Prototyp! 4! erzielte! ebenfalls! eine! APPAAbscheiderate! von! 99,9! %.!




Filterprüfung! in! definierten! Zeitabständen! beprobt.! Die! Überlebensdauer! und! somit! die!
Infektiosität! variierte! je! nach! Filterprototyp.! Aufgrund! seiner! hohen!Widerstandsfähigkeit!




2013).! PRRSV! konnte! 24! h! nach! dem! Versuch! im! Hauptfilter! von! Prototyp! 1! und! in! der!
Filtermatte!des!Prototyps!4!nachgewiesen!werden.!In!der!darauffolgenden!Beprobung!(nach!
48! h)!war! kein! infektiöses! Virus! nachweisbar.! Im! Versuch! unter! Laborbedingungen! führte!
dies!zu!der!Annahme,!dass!eine!Anreicherung!oder!Vermehrung!von!Bakterien!oder!Viren!im!
Filtermedium!als!unwahrscheinlich!zu!betrachten!ist.!




evaluiert,! um! mögliche! jahreszeitliche! Schwankungen! zu! erfassen.! Prototyp! 4! war! eine!
Filtermatte! bestehend! aus! einer! Doppellage! Glasfaservlies! und! wurde! in! die! Decke! des!







die! Zuluft! eingetragen! wird,! wohingegen! der! Großteil! dieser! Partikel! seinen! Ursprung! im!
Gebäude!bzw.!durch!die!Tiere!selbst!hat!(CARPENTER!1986a).!Daher!war!zu!erwarten,!dass!
der! Einsatz! von! Zuluftfiltration! die!Gesamtkeimzahl! in! der! Stallluft! kaum!beeinflusst,! auch!




generiert.! Daher! wäre! allein! in! Stall! 4! mit! Umluftfiltration! eine! Reduktion! zu! erwarten!
gewesen.!LAU!et!al.!(1996)!berichteten,!dass!die!Gesamtkeimzahl!durch!die!Verwendung!von!
Umluftfiltration! maßgeblich! reduziert! werden! kann,! jedoch! konnten! wir! in! unserer! FallA/!
Kontrollstudie!dies!nicht!bestätigt!werden.!Die!erfasste!Gesamtkeimzahl! ! in!den!Ställen!mit!














Problemen! bei!Mensch! und! Tier! führen! (PEDERSEN! et! al.! 2000).! Seine! Zusammensetzung!
wird!durch!die!Quellen!wie!Tiere,!Einstreu!und!Futter!bestimmt!(HARTUNG!und!SALEH!2007).!
Innerhalb!der!drei!Mastperioden!schwankten!die!erfassten!Staubgehaltmittelwerte!zwischen!
0,12! und! 0,14! mg/m3! Luft.! Nur! ein! einzelner!Wert! erreichte! 0,6! mg/m3,! wohingegen! die!
Mehrzahl! der! Einzelmessung! 0,3! mg/m3! nicht! überschritt.! Andere! Untersuchungen!
berichteten!von!Staubwerten!zwischen!1!bis!8,2!mg/m3!(BAKUTIS!2004,!BARBER!et!al.!1991,!
BUTERA!et!al.!1991,!RULE!et!al.!2005).!Dies!kann!mit!der!kurzen!Messzeit!von!10!Minuten!
pro! Messpunkt! in! meinen! Untersuchungen! zusammenhängen.! Zudem! führt!
Vollspaltenboden! ohne! Einstreu,!wie! er! in! der! untersuchten! Schweinehaltung! vorzufinden!
war,!zu!geringeren!Staubwerten!in!der!Luft!im!Vergleich!zur!Haltung!mit!Einstreu!(DAWSON!





und! HAZEN! 1975,! PAERSON! und! SHARPLES! 1995)! ebenfalls! einen! Einfluss! auf! die!
Staubwerte.! Zudem! wurden! in! unserer! Studie! keine! Staubmessungen! vorgenommen! zu!
Fütterungszeiten,! um! Schwankungen! aufgrund! der! gesteigerten! Motilität! der! Tiere! zu!
minimieren!(COSTA!et!al.!2009).!!
Da! der!Hauptursprung! des! Staubes! in! der! Stallluft! die! Tiere! selbst! sind! (CARPENTER! et! al.!
1986c,! GUSTAFSSON! 1999),! war! eine! Reduktion! des! Staubgehaltes! in! der! Luft! lediglich! in!
Stall!4!(Umluftfiltration)!zu!erwarten.!LAU!et!al.!(1996)!konnten!unter!Verwendung!von!zwei!
verschiedenen! Umluftfiltersystemen! eine! Staubreduktion! von! bis! zu! 66! %! demonstrieren.!
Verglichen!mit! den!Mastställen!mit! Zuluftfiltersystemen! und! dem!Referenzstall!wurden! in!
unserer! Studie! die! geringsten! Staubwerte! (0,063! mg/m3)! in! dem! Maststall! mit! den!
Umluftfiltermodulen! gemessen.! Dennoch! war! Staubreduktion! nicht! signifikant.! Mögliche!
Gründe!wurden!vorangehend!beim!Luftkeimgehalt!angesprochen.!!
Die!Beschaffenheit!der!Stallluft!kann!einen!erheblichen!Einfluss!auf!die!Atemwegsgesundheit!
der! Tiere! haben! und! folglich! auch! auf! die! Leistung,! welche! sich! in! unserem! Fall! in! den!
Masttagzunahmen,! der! Mortalitätsrate! und! der! medikamentellen! Behandlungshäufigkeit!
wiederspiegelt.! Hinsichtlich! der! Leistungsparameter! waren! nur! marginale! Unterschiede!
zwischen! den! einzelnen! Ställen! feststellbar.! Jedoch! zeigten! die! Tiere! in! dem! Stall!mit! den!
Umluftfiltern! eine! bessere! Atemwegsgesundheit,! was! durch! eine! geringere! Inzidenz! an!
Symptomen!wie!Niesen!und!Husten!auffiel!und!durch!die!LungenAScoreASchlachthofbefunde!
gestützt!wurde.!Dies!scheint!mit!der!Reduktion!der!Staubgehalte!zusammen!zu!hängen,!da!
die! Luftkeimzahl! in!allen!Ställen!vergleichbar!war.!MICHIELS!et!al.! (2015)!berichteten!über!
eine! zunehmende! Prävalenz! an! Pneumonie! und! Pleuritiden! im! Zusammenhang! mit! einer!
hohen! Staubkonzentration.! Zudem! steigert! eine! erhöhte! Staubkonzentration! die!
Empfänglichkeit!des!Respirationstraktes,!sich!mit!anderen!Erregern!zu!infizieren!(OYETUNDE!
et! al.! 1978).! CARPENTER! et! al.! (1986b)! konnten! durch! den! Einsatz! von! Umluftfiltration!
ebenfalls!eine!Verbesserung!der!Lungengesundheit,!ohne!Steigerung!der!Leistung,!erzielen.!
Die!anderen!StallklimaAFaktoren!wie!CO2,!NH3!und!rel.!Luftfeuchte!unterschieden!sich!kaum!
zwischen! den! untersuchten! Ställen,! weshalb! sie! in! dieser! Studie! keinen! Einfluss! auf! die!
Tiergesundheit!hatten.!
HARTUNG! (1994)! bestätigte,! dass! das! Risiko! einer! Übertragung! über! den! Luftweg! direkt!
reduziert! wird! durch! die! Reduktion! der! luftgetragenen! Partikel.! Der! Einbau! einer!
vorgeschalteten! Filtration! der! Zuluft! konnte! den! Eintrag! von! PRRSV! in!
Schweinezuchtbestände!reduzieren!(DEE!et!al.!2011).!Daher!wurde!eine!definierte!Anzahl!an!
Tieren! je!Maststall! serologisch! auf!Antikörper! gegen! InfluenzaAAAVirus,! PRRSV!und!APP! als!
relevante! aerogen! übertragebare! Erreger! untersucht.! Antikörper! gegen! alle! genannten!








die! erst! in! der! zweiten! Probe! am! Ende! der! Mast! AntikörperApositiv! waren! ist! es! sehr!
wahrscheinlich,!dass!sie!bereits!vor!der!Einstallung!mit!Erreger! infiziert!waren!und!zur!Zeit!
der! ersten! Blutentnahme! noch! keine! Antikörper! nachweisbar! waren.! Eine! weitere!
Möglichkeit!ist!eine!versehentliche!Einschleppung!wie!z.B.!durch!Personal,!welches!zwischen!
den! Mastställen! in! unserer! Anlage! nicht! die! Kleidung! wechseln! muss.! Auch! das! Duschen!
beim!Wechsel!zwischen!verschiedenen!Stallkomplexen!ist!nicht!vorgeschrieben.!Aus!diesem!
Grund! ist! es! leider! nicht! möglich,! mit! den! Daten! aus! unserer! Studie! den! Einfluss! von!
Zuluftfiltration! auf! den! Eintrag! von! aerogen! übertragenen! Pathogenen! zu! beurteilen.!
Antikörper!gegen!APP!waren!in!allen!Ställen!in!unterschiedlichen!Mastperioden!nachweisbar!
außer! in! Stall! 4! mit! Umluftfiltration.! Nahezu! alle! untersuchten! Tiere! wurden! bereits! mit!
Antikörpern! gegen! das! InfluenzaAAAVirus! eingestallt,! sodass! dieser! Parameter! nicht! zur!
Auswertung!herangezogen!werden!konnte.!
Ein!Jahr!nach!Einbau!der!Filter!in!der!Schweinemastanlage!wurden!diese!beprobt!und!wiesen!
eine! Gesamtkeimzahl! von! maximal! 2x103! KbE/ml! auf.! Das! Keimspektrum! umfasste!
Umweltkeime! wie! z.B.! Schimmelpilze! und! sporenbildende! aerobe! Bakterien.! Von! einer!
Anreicherung!oder!Vermehrung! im!Filterkuchen! kann!nicht! ausgegangen!werden,!weshalb!
aus! unserer! Sicht! die! Entwicklung! von!Verfahren! zur! Erregerinaktivierung!nicht! notwendig!
erscheint.! Dennoch! können! Pathogene! über! einen! kurzen! Zeitraum! im! Filtermaterial!




In! den! Arbeitsalltag! unseres! SchweinemastAProjektbetriebes! konnte! nur! peripher!










Filtersystemen! in! der! Sauenhaltung! erwartet! werden,! da! die! Tiere! in! diesem!




















mögliche! Eintragsquelle! für! Infektionskrankheiten! wird! in! diesem! Zusammenhang! jedoch!
kaum!beachtet,!obwohl!viele!Bakterien!und!Viren!über!Aerosol!verbreitet!werden!können.!
Zahlreiche! Studien! haben! gezeigt,! dass! Zuluftfiltration! in! Schweineställen! den! Eintritt! von!
luftgetragenen! Krankheitserregern! wie! dem! Porcines! reproduktives! und! respiratorisches!
SyndromAVirus! (PRRSV)! und! Mycoplasma- hyopneumoniae! verhindern! kann,! von! denen!
bekannt! ist,! dass! sie! über! große! Entfernungen! verbreitet! werden! können.! Andererseits!
beeinflussen! auch! in! der! Luft! befindliche! Partikel! und!Mikroorganismen,! die! oft! an! Staub!
gebunden!sind,!die!Gesundheit!der!Schweine.!Daher!kann!die! Innenraumluftqualität!durch!
die!Filtration!von!Staub!und!den!damit!verbundenen!Gefahren!verbessert!werden. 
Ziel* der* Untersuchung:! Ziel! der! Untersuchung! war! es! zunächst! unter! Laborbedingungen!
verschiedene! Luftfilter! hinsichtlich! ihrer! Abscheiderate! für! ausgewählte! Pathogene! zu!
evaluieren!und!anschließend!in!einer!FallA/Kontrollstudie!im!Praxisversuch!zu!testen.!Hierfür!
wurde! in! einem!Schweinemastbetrieb!der! Einfluss! von! ZuluftA! und!Umluftfiltration! auf! die!
Luftqualität,!Tiergesundheit!und!Aleistung!beurteilt.!
Tiere,* Material* und* Methoden:! In! einem! Filterprüfstand! wurden! vier! Filterprototypen!
hinsichtlich! ihres! Abscheidevermögens! für! Staphylococcus- (S)- aureus,! Actinobacillus-
pleuropneumoniae- (APP),! Equines! ArteritisAVirus! (EAV),! PRRSV! und! das! Bovine! Enterovirus!
(BEV,! Surrogat! für! das! MaulA! und! KlauenseucheAVirus)! evaluiert.! Mit! jedem! Pathogen!
wurden! fünf! Messreihen! pro! Filter! durchgeführt.! Der! Luftvolumenstrom! betrug! in!
Abhängigkeit! vom! Prototyp! 1800! m3/h! oder! 80! m3/h.! Vor! und! hinter! dem! Filter! wurde!
mittels!einer!Pumpe!die!Luft!auf!Gelatinefilter!abgeschieden!und!anschließend!die!Quantität!
der! Mikroorganismen! über! Zellkultur,! realAtime! RTAPCR! (Viren)! bzw.! das! OberflächenA
Spatelverfahren!(Bakterien)!bestimmt.!Zudem!wurde!die!Überlebensfähigkeit!der!Pathogene!







(drei! Mastperioden)! wurden! die! Tiergesundheit! (Inzidenz! von! Niesen! und! Husten)! und! A
leistung! (Mortalitätsrate,!Masttagzunahme,! Behandlungsintensität)! dokumentiert.! Darüber!
hinaus! wurden! die! Stalltemperatur,! die! relative! Luftfeuchte,! der! Staubgehalt! sowie! die!
KohlendioxidA!und!Ammoniakkonzentration!aufgezeichnet.! Luftkeimsammelproben!wurden!
alle!zwei!Wochen!hinsichtlich!der!Gesamtkeimzahl!und!der!Menge!an!MethicillinAresistenten!
S.- aureus,! Escherichia- coli! und! coliformen! Bakterien! untersucht.! Darüber! hinaus! wurden!
Blutproben!von!15!Schweinen!pro!Stall!am!Anfang!und!Ende!der!Mastperiode!entnommen!
und! auf! Antikörper! gegen! PRRSV,! InfluenzaAAAVirus! und! APP! serologisch! untersucht.! Am!
Schlachthof! wurden! die! Schlachtkörper! mit! besonderem! Augenmerk! auf!
Atemwegserkrankungen!beurteilt.!
Ergebnisse:! Unter! Verwendung! eines! VorA! und! Hauptfilters! (Prototyp! 1)! konnte! im!
Labormaßstab!eine!Abscheiderate!von!96!%,!97,5!%!und!98!%!für!BEV,!EAV!und!PRRSV!erzielt!
werden.!Für!S.-aureus!und!APP!wurden!Werte!von!98,6!%!und!95,2!%!erreicht.!Prototyp!4!
bestehend! aus! einer! Doppellage! Glasfaservlies! erreichte! eine! PathogenAReduktion! von!
99,9!%!(APP,!S.-aureus),!98,7!%!(BEV,!EAV)!und!92,1!%!(PRRSV).!BEV!erwies!sich!als!äußerst!
empfindlich! gegenüber! Austrocknung! und! konnte! nur! mittels! realAtime! RTAPCR!
nachgewiesen!werden.!Aus!dem!Filtermaterial!wurden!APP!und!PRRSV!vier!Stunden!bzw.!24!
Stunden! nach! dem! Versuch! in! Kultur! isoliert,! wohingegen! S.- aureus! über! vier! Wochen!
infektiös!blieb.!Vermehrungsfähiges!BEV!war! zu! keiner! Zeit! nachweisbar.! Im!Praxisversuch!
konnten! keine! signifikanten! Unterschiede! hinsichtlich! der! Gesamtkeimzahl,! relativen!
Luftfeuchte,!AmmoniakA!und!Kohlendioxidkonzentration!in!den!Ställen!mit!Luftfiltration!und!
dem! Referenzstall! festgestellt! werden.! Auch! bei! der! Beurteilung! der! Leistung! der! Tiere!
wurden! keine! signifikanten! Unterschiede! festgestellt.! Jedoch! wurden! im! Stall! mit!
Umluftfiltration! die! geringsten! Staubwerte! (0,12!mg/m3)! und! die! beste! Lungengesundheit!
erzielt.! Antikörper! gegen! alle! genannten! Pathogene! wurden! im! Laufe! der! Studie!
nachgewiesen.!Die!Prävalenz!variierte!von!Stall!zu!Stall!und!zwischen!den!Mastperioden.!Ein!
Großteil! der! untersuchten! Tiere! war! bereits! bei! der! Einstallung! in! den! Mastbetrieb!
AntikörperApositiv.!
Schlussfolgerung:!Die!Wirksamkeit!der!ausgewählten!Filtertechnik! im!Laborversuch!konnte!



















by! aerosol! transmission.! Numerous! studies! have! shown! that! supply! air! filtration! in! pig!
facilities! can! prevent! the! entry! of! airborne! pathogens! such! as! porcine! reproductive! and!
respiratory!syndrome!virus! (PRRSV)!and!Mycoplasma-hyopneumoniae,!which!are!known!to!
spread!over!a!long!distance.!On!the!other!hand!indoor!airborne!particle!and!microorganisms,!
which!are!often!attached! to!dust,! can!also! influences!pig!health.!Hence,! indoor!air!quality!
can!be!improved!by!filtering!dust!and!its!associated!hazards.!
Objective:! Therefore! the! study! aims! to! determine! the! retention! efficiency! of! different! air!
filter!types!for!selected!pathogens!at!laboratory!scale!and!following!in!a!caseAcontrol!study!
under! field! conditions.! Basis! for! this! the! impact! on! air! quality,! animal! health,! and! pig!
performance!in!a!pig!plant!was!evaluated.!
Animals,*material*and*methods:!Four!filter!prototypes!were!evaluated!in!a!test!chamber!for!
their! capability! to! remove! aerosol! containing! equine! arteritis! virus! (EAV),! PRRSV,! bovine!
enterovirus! (BEV,! surrogate! for! footAandAmouth! disease! virus),! Actinobacillus-
pleuropneumoniae-(APP),!and!Staphylococcus!(S.)!aureus!from!air.!With!each!pathogen,!five!




over! time! in! the! filter!material!was!examined.!Then,! two!supply!air! filter! systems!and!one!
recirculating!air!system!were!implemented!each!in!identical!barns!in!a!pig!facility!in!Saxony.!
One!barn!was!used!as!a! reference!without!air! filtration.!During!13!month! (three! fattening!
periods),! animal! health! (incidence! of! sneezing! and! coughing)! and! performance! (mortality,!




temperature,! relative! humidity,! dust,! carbon! dioxide! and! ammonia! concentration! were!
monitored.!Every!second!week!air! samples!were!collected! to!quantify! the! total!amount!of!
bacteria,!methicillinAresistant!S.-aureus,!Escherichia-coli!and!coliform!bacteria.!Blood!samples!











and! without! filtration! were! found! regarding! total! bacteria! amount,! relative! humidity,!
ammonia! and! carbon! dioxide! concentration.! Refering! pig! performance! no! significant!
differences!were!found,!too.!However,!recirculating!air!filtartion!resulted!in!the!lowest!dust!




Conclusion:!The!efficieny!of! the!chosen! filter! technique!could!be!clearly!established!under!
laboratory! conditions.! It! can! be! easiliy! be! implemented! in! an! already! existing! ventilation!











Anon.!Wärmeschutz! geschlossener! StälleAWärmedämmung!und! Lüftung! A! Teil! 1:! PlanungsA!
und! Berechnungsgrundlage! für! geschlossene! zwangsbelüftete! Ställe! (DIN! EN! ISO!
18910:2004A11).!Berlin:!Beuth!Verlag!GmbH.!2004.!
Anon.! TierschutzANutztierhaltungsverordnung! (TierSchNutztV)! in! der! Fassung! der!
Bekanntmachung!vom!22.!August!2006!(BGBl.!I!S.!2043),!die!durch!der!Artikel!3!Ansatz!2!des!
Gesetzes! vom!30.! Juni! 2017! (BGBl.! I! S.! 2147)! geändert!worden! ist! (zitiert! am!26.10.2017),!
<http://www.gesetzeAimAinternet.de/tierschnutztv/TierSchNutztV.pdf>.!
Anon.! Teil! 1:! Schwebstofffilter! (EPA,! HEPA! und! ULPA),! Klassifizierung,! Leistungsprüfung,!
Kennzeichnung!(DIN!EN!ISO!1822A1:2009).!Berlin:!Beuth!Verlag!GmbH.!2009.!
Anon.! Verordnung! über! anzeigepflichtige! Tierseuchen! (TierSeuchAnzV)! in! der! Fassung! der!
Bekanntmachung!vom!19.!Juli!2011!(BGBl.!I!S.!1404),!die!durch!den!Artikel!3!der!Verordnung!
vom! 3.! Mai! 2016! (BGBl.! I! S.! 1057)! geändert! worden! ist! (zitiert! am! 25.10.2017),!
<http://www.gesetzeAimAinternet.de/tierseuchanzv/TierSeuchAnzV.pdf>.!
Anon.! Schweinehaltungshygieneverordnung! (SchHaltHygV)! in! der! Fassung! der!







ANSI/ASHRAE! Standard! 52.2A2007.! Method! of! Testing! General! Ventilation! AirACleaning!
Devices!of!Removal!Efficiency!by!Particle!Size.!American!Society!of!Heating,!Refrigerating!and!











Bakutis! B,! Monstviliene! E,! Januskeviciene! G.! Analyses! of! airborne! contamination! with!





and! respiratory! virus! regional! control! and! eradication! strategies?! Advances! in! Pork!
Production.!2009;20:151A161.!!
Baumgartner!J,!Winckler!C,!Quendler!E,!Ofner!E,!Zentner!E,!Dolezal!M,!Schmoll!F,!Schwarz!C,!
Koller!M,!Winkler! U,! Laister! S,! Fröhlich!M,! Podiwinsky! C,!Martetschläger! R,! Schleicher!W,!
Ladinig! A,! Rudorfer! B,! Huber! G,! Mösenbacher! I,! Troxler! J.! Beurteilung! von! serienmäßig!
hergestellten!Abferkelbuchten!in!Bezug!auf!Verhalten,!Gesundheit!und!biologische!Leistung!




Beer! M.! Familie! Orthomyxoviridae.! In:! Selbitz! HJ,! Truyen! U,! ValentinAWeigand! P,! Hrsg.!
Tiermedizinische! Mikrobiologie,! InfektionsA! und! Seuchenlehre.! 10.! Aufl.! Stuttgart:! Enke!
Verlag;!2015.!p.!546A555.!
Beer! J,! Thalmann! G.!MaulA! und! Klauenseuche.! In:! Beer! J,! Hrsg.! Infektionskrankheiten! der!
Haustiere!Teil!I.!3.!Aufl.!Jena:!Gustav!Fischer!Verlag;!1987.!p.!15A39.!
Benfield!DA,!Nelson!E,!Collins!JE,!Harris!L,!Goyal!SM,!Robison!D,!Christianson!WT,!Morrison!
RB,! Gorcyca! D,! Chladek! D.! Characterization! of! swine! infertility! and! respiratory! syndrome!
(SIRS)!virus!(isolate!ATCC!VRA2332).!J!Vet!Diagn!Invest.!1992;4:127A133.!
BfR!(Bundesinstitut!für!Risikobewertung),!Grundlagenstudie!zur!Erhebung!der!Prävalenz!von!






Bundy! DS,! Hazen! TE.! Dust! levels! in! swine! confinement! systems! associated! with! feeding!
methods.!Transactions!of!the!ASAE.!1975;18:138A144.!





Carpenter! GA.! Dust! in! livestock! buildings! –! Review! of! some! aspects.! J! agric! Engng! Res.!
1986a;33:227A241.!
Carpenter!GA,!Smith!WK,!MacLaren!APC,!Spackman!D.!Effect!of!internal!air!filtration!on!the!
performance! of! broilers! and! the! aerial! concentration! of! dust! and! bacteria.! Br! Poult! Sci.!
1986b;27:471A480.!






Chapin! A,! Rule! A,! Gibson! K,! Buckley! T,! Schwab! K.! Airborne! multidrugAresistant! bacteria!
isolated! from! a! concentrated! swine! feeding! operation.! Environ! Health! Perspect.!
2005;113:137A142.!




Costa! A,! Borgonovo! F,! Leroy! T,! Berckmans! D,! Guarino!M.! Dust! concentration! variation! in!
relation!to!animal!activity!in!pig!barn.!Biosyst!Eng.!2009;104:118A124.!









transmission! of! porcine! reproductive! and! respiratory! syndrome! virus.! Can! J! Vet! Res.!
2005;69:293A298.!
Dee!SA,!Batista!L,!Deen! J,!Pijoan!C.!Evaluation!of! systems! for! reducing! the! transmission!of!
porcine! reproductive! and! respiratory! syndrome!virus!by! aerosol.! Can! J!Vet!Res.! 2006a;70:!
28A33.!
Dee!SA,!Deen! J,!Cano! JP,!Batista! L,!Pijoan!C.! Further!evaluation!of! alternative!airAfiltration!
systems! for! reducing! the! transmission! of! porcine! reproductive! and! respiratory! syndrome!
virus!by!aerosol.!Can!J!Vet!Res.!2006b;70:168A175.!
Dee!S.!Filters,!filters,!filters:!Which!one!to!choose?!International!Pigletter.!2008;28:9a.**!
Dee!S,!Otake!S,!Oliveira!S,!Deen! J.!Evidence!of! long!distance!airborne! transport!of!porcine!











filtration! systems! for! preventing! airborne! transmission! of! porcine! reproductive! and!
respiratory! syndrome!virus!and!Mycoplasma-hyopneumoniae:!Results! from!a!2Ayear! study.!
Virus!Res.!2010;154:177A184.!
Dee! S,! Pitkin!A,!Otake! S,!Deen! J.! A! fourAyear! summary! of! air! filtration! system!efficacy! for!









Boshuizen! HC,! van! de! Giessen! AW,! van! Duijkeren! E,! Huijsdens! XW.! High! prevalence! of!
methicillin!resistant!Staphylococcus-aureus-in!pigs.!Vet!Microbiol.!2007;122,366A372.!
Desrosiers! R.! A! review! of! some! aspects! of! the! epidemiology,! diagnosis,! and! control! of!
Mycoplasma-hyopneumoniae!infections.!J!Swine!Health!Prod.!2001;9:233A237.!











Ewers! C,! Wieler! LH.! Pasteurellaceae.! In:! Selbitz! HJ,! Truyen! U,! ValentinAWeigand! P,! Hrsg.!
Tiermedizinische! Mikrobiologie,! InfektionsA! und! Seuchenlehre.! 9.! Aufl.! Stuttgart:! Enke!
Verlag;!2011.!p.!221A246.!
FLI! (FriedrichALoefflerAInstitut),!Antworten!auf!Fragen!zur!Neuen!Grippe!(A/H1N1),!auch!als!










Frana! TS.! Staphylococcosis.! In:! Zimmermann! JJ,! Karriker! LA,! Ramirez! A,! Schwartz! KJ,!
Stevenson!GW,!Hrsg.!Diseases!of!Swine.!10.!Aufl.!West!Sussex:!John!Wiley!&!Sons;!2012.!p.!
834A840.!
Friese! A,! Schulz! J,! Hoehle! L,! Fetsch! A,! Tenhagen! BA,! Hartung! J,! Roesler! U.! Occurrence! of!
MRSA!in!air!and!housing!environment!of!pig!barns.!Vet!Microbiol.!2012;158:129A135.!




Gloster! J,! Champion! HJ,! Sørensen! JH,! Mikkelsen! T,! Ryall! DB,! Astrup! P,! Alexandersen! A,!
Donaldson!AI.!Airborne! transmission!of! footAandAmouth!disease!virus! from!Burnside!Farm,!
HeddonAonAtheAWall,!Northumberland,!during!the!epidemic!in!the!United!Kingdom.!Vet!Rec.!
2003;152:525A533.!
Goodwin! RFW.! Apparent! reinfection! of! enzooticApneumoniaAfree! pig! herds:! Search! for!
possible!causes.!Vet!Rec.!1985;116:690A694.!
Goyal!SM.!Porcine! reproductive!and!respiratory!syndrome.! J!Vet!Diagn! Invest.!1993;5:656A
664.!
Grosse! Beilage! E,! Rohde! N,! Krieter! J.! Seroprevalence! and! risk! factors! associated! with!
seropositivity! in! sows! from! 67! herds! in! northAwest! Germany! infected! with!Mycoplasma-
hyopneumoniae.!Prev!Vet!Med.!2009;88:255A263.!
Grosse!Beilage! E,!Nathues!H,!Grummer!B,!Hartung! J,! Kamphues! J,! Kietzmann!M,! Rohde! J,!
Spindler! B,! Weissenböck! H.! Diagnostik,! Prophylaxe! und! Therapie! von!
Atemwegserkrankungen! in! Schweinebeständen.! In:! Grosse! Beilage! E,! Wendt! M,! Hrsg.!










Haas! L.! Familie! Picornaviridae.! In:! Selbitz! HJ,! Truyen! U,! ValentinAWeigand! P,! Hrsg.!




Harry! EG.! Air! pollution! in! farm! buildings! and!methods! of! control:! A! review.! Avian! Pathol.!
1978;7:441A454.!
Hartung!J.!The!effect!of!airborne!particulates!on!livestock!health!and!production.!In:!Dewi!I,!
Axford! RFE,! Marai! IFM,! Omed! HM,! Hrsg.! Pollution! in! livestock! production! systems.!
Wallingford:!CAB!International;!1994.!p.!55A69.!!
Hartung! J,! Saleh! M.! Composition! of! dust! and! effects! on! animals.! Laufbauforsch! Volk.!
2007;308:111A116.!
Hartung! J,! Spindler! B.! Stallklima! und! Stalllüftung.! In:! Grosse! Beilage! E,! Wendt! M,! Hrsg.!




Heinritzi! K.! Pneumonie.! In:! Heinritzi! K,! Ginderle! Hr,! Reiner! G,! Schnurrbusch! U,! Hrsg.!
Schweinekrankheiten.!1.!Aufl.!Stuttgart:!Eugen!Ulmer!KG;!2006b.!p.!137A146.!
Hermann! J,!Hoff! S,!MuñozAZanzi!C,! Yoon!KJ,!Roof!M,!Burkhardt!A,! Zimmerman! J.! Effect!of!
temperature! and! relative! humidity! on! the! stability! of! infectious! porcine! reproductive! and!
respiratory!syndrome!virus!in!aerosols.!Vet!Res.!2007;38:81–93.!
Hoy! S,! Gauly! M,! Krieter! J.! Gase! in! der! Stallluft.! In:! Hoy! S,! Gauly! M,! Krieter! J.! Hrsg.!
Nutztierhaltung!und!–hygiene.!1.!Aufl.!Stuttgart:!Eugen!Ulmer!KG;!2006a.!p.!182A202.!
Hoy! S,! Gauly! M,! Krieter! J.! Staub! in! der! Stallluft.! In:! Hoy! S,! Gauly! M,! Krieter! J.! Hrsg.!
Nutztierhaltung!und!–hygiene.!1.!Aufl.!Stuttgart:!Eugen!Ulmer!KG;!2006b.!p.!203A211.!












Jobert! JL,! Savoye!C,!Cariolet!R,!Kobisch!M,!Madec!F.! Experimental! aerosol! transmission!of!
Actinobacillus!pleuropneumoniae!to!pigs.!Can!J!Vet!Res.!2000;64:21A26.!
Kapur!V,!Elam!MR,!Pawlovich!TM,!Murthaugh!MP.!Genetic!variation!in!porcine!reproductive!
and! respiratory! syndrome! virus! isolates! in! the! midwest! Unites! States.! J! Gen! Virol.!
1996;10:140A144.!














Mortensen! S,! Stryhn! H,! Søgaard! R,! Boklund! A,! Stärk! KDC,! Christensen! J,! Willberg! P.! Risk!
factors!for!infection!of!sow!herds!with!porcine!reproctive!and!respiratory!syndrome!(PRRS)!
virus.!Prev!Vet!Med.!2002;53:83A101.!!

















Otake! S,! Dee! S,! Rossow! K,! Moon! R,! Pijoan! C.! Mechanical! transmission! of! porcine!
reproductive!and! respiratory! syndrome!virus!by!mosquitoes,!aedes!vexans! (meigen).!Can! j!
Vet!Res.!2002d;66:191A195.!
Otake! S,! Dee! SA,! Rossow! KD,! Moon! RD,! Trincado! C,! Pijoan! C.! Transmission! of! porcine!
reproductive! and! respiratory! syndrome! virus! by! houseflies! (musca! domestica).! Vet! Rec.!
2003;!152:114A115.!
Otake! S,!Dee! S,! Corzo!C,!Oliveira! S,!Deen! J.! LongAdistance!airborne! transport!of! infectious!
PRRSV! and!Mycoplasma! hyopneumoniae! from! a! swine! population! infected! with! multiple!
viral!variants.!Vet!Microbiol.!2010;145:198A208.!
Oyetunde! OOF,! Thomson! RG,! Carlson! HC.! Aerosol! exposure! of! ammonia,! dust! and!
Escherichia-coli!in!broiler!chickens.!Can!Vet!J.!1978;19:187A193.!






Pfeffer! M.! Infektionsepidemiologie.! In:! Selbitz! HJ,! Truyen! U,! ValentinAWeigand! P,! Hrsg.!







Plonait! H.! Einfluss! der! Haltungsbedingungen! auf! das! Krankheitsgeschehen.! In:!Waldmann!








the! contamination! of! air! and! of! soil! surfaces! in! the! vicinity! of! pig! barns! by! livestockA
associated! MethicillinAresistant! Staphylococcus- aureus.! Appl! Environ! Microbiol.! 2012;78:!
5666A5671.! !
Schulz! J,!Bao!E,!Clauß!M,!Hartung! J.!The!potential!of!a!new!air!cleaner! to! reduce!airborne!




White! RP,! Pedersen! S,! Takai! H,! Johnson! JO,!Metz! JHM,! Groot! Koerkamp! PWG,! Uenk! GH,!
Wathes! CM.! Concentration! and! emissions! of! airborne! endotoxins! and! microorganisms! in!
livestock!buildings!in!Northern!Europe.!J!agric!Engn!Res.!1998;70:97A109.!
Selbitz!HJ.!Zellwandlose!Bakterien!der!Klasse!Mollicutes.! In:!Selbitz!HJ,!Truyen!U,!ValentinA




Spronk!G,!Otake!S,!Dee!S.! Prevention!of!PRRSV! infection! in! large!breeding!herds!using!air!
filtration.!Vet!Rec.!2010;166:758A759.!
Swenson! SL,! Hill! HT,! Zimmermann! J,! Evans! LE,! Landgraf! JG,! Wills! RW,! Sanderson! TP,!
McGinley!MJ,! Brevik! AK,! Ciszewski! DK,!Merwin! LF.! Excretion! of! porcine! reproductive! and!





Takai!H,! Pedersen! S,! Johnsen! JO,!Metz! JHM,!Groot! Koerkamp!PWG,!Uenk!GH,! Phillips!VR,!
Holden!MR,! Sneath!RW,!Short! JL,!White!RP,!Hartung! J,! Seedorf! J,! Schröder!M,! Linkert!KH,!
Wathes!CM.!Concentrations!and!emissions!of!airborne!dust!in!livestock!buildings!in!northern!
europe.!J!agric!Engng!Res.!1998;70:59A77.!
Tan! Z,! Zhang! Y.! A! review! of! effects! and! control! methods! of! particulate!matter! in! animal!
indoor!environments.!J!Air!&!Waste!Manage!Assoc.!2004;54:845A854.!
Thiel!HJ,!König!M.!Familie!Arteriviridae.! In:!Selbitz!HJ,!Truyen!U,!ValentinAWeigand!P,!Hrsg.!













Wagstrom! EA,! Chang! CC,! Yoon! KJ,! Zimmermann! JJ.! Shedding! of! porcine! reproductive! and!
respiratory! syndrome! virus! in! mammary! gland! secretions! of! sows.! Am! J! Vet! Res.!
2001;62:1876A1880.!
Wills!RW,!Zimmermann!JJ,!Yoon!KJ,!Swenson!SL,!Hoffman!LJ,!McGinley!MJ,!Hill!HAT,!Platt!KB.!
Porcine! reproductive! and! respiratory! syndrome! virus:! routes! of! excretion.! Vet!
Microbiol.1997;57:69A81.!
Yao! HQ,! Choi! HL,! Lee! JH,! Suresh! A,! Zhu! K.! Effect! of! microclimate! on! particulate! matter,!
















Zunächst!möchte! ich! ganz! herzlich! Herrn! Prof.! Dr.! Uwe! Truyen! für! die! Bereitstellung! des!
Themas! und! seine! Unterstützung! bei! der! Planung! und! Durchführung! meiner! Dissertation!
danken.!
Ein!besonderer!Dank!gilt!Frau!Dr.!Stephanie!Speck,!die!mir!jederzeit!mit!Rat!und!Tat!zur!Seite!
stand.! Sie! hatte! stets! ein! offenes! Ohr! und! mich! mit! fachlichen! Anregungen! stets! voran!






Dana!Rüster! und!Dr.! Janina!Pospiech!danke! ich! für! die! tatkräftige!Unterstützung!während!
der! Laborarbeit! aber! auch! während! der! Praxisphase! zur! Probenentnahme! und!
anschließende! Bearbeitung.! Ohne! Euch! wären! die! langen! Autofahrten! viel! schwerer! zu!
ertragen!gewesen.!
Der! Firma! Reventa!GmbH! danke! ich,! insbesondere!Herrn! Tobias! Reutter,! für! die! Planung,!
Konstruktion!und! Installation!der! einzelnen! Filtermodelle.!Des!Weiteren!bedanke! ich!mich!
für! die! fachliche! Unterstützung,! um! ein! Verständnis! für! die! verschiedenen!
Filterkonstruktionen!und!deren!Arbeitsweisen!zu!erlangen!
Insbesondere! danke! ich! dem! Schweinehaltungsbetrieb! die! Studie! durchführen! zu! dürfen,!




Bei! Frau! Dr.! Bettina! Altmann! (IMISE)! bedanke! ich!mich! für! die! Hilfe! bei! der! statistischen!
Auswertung.!
Nicht!zuletzt!möchte!ich!mich!bei!meiner!Familie!und!Freunden!bedanken,!die!mich!während!
meines! Studiums! und! meiner! Doktorarbeit! unterstützt! haben.! Ein! besonderer! Dank! gilt!
meinen! Eltern! und!Großeltern,!welche!mich! stets! seelisch! als! auch! finanziell!während!der!
Zeit! des! Studium! und! der! Doktorarbeit! unterstützt! haben.! Ohne! Ihre! Liebe! und! Rückhalt!
wäre! ich! nie! soweit! gekommen.! Zudem! danke! ich! meinem! Mann! David! für! die! stetige!
Rücksichtnahme! und! Unterstützung.! Vielen! Dank,! dass! du! immer! für! mich! da! bist.
